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ABSTRACT OF THE DISSERTATION

Electrical conductivity of solid / liquid suspensions: An analytical model incorporating the
effect of suspension stability

by
Shuang Qiao
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2019
Professor Olivia A. Graeve, Chair

The use of electrically conductive mesoporous ceramic powders is a new way for enzyme
immobilization aiming for biocatalysts. In this study, mesoporous indium oxide, zinc oxide and
titanium dioxide were synthesized by a hydrothermal reaction method. Soft-template and hard-
template approaches were utilized to enable mesoporous materials with varying pore sizes. Pore
sizes were evaluated by the Brunauer—Emmett—Teller (BET) method and were in the range of 7 to
10 nm. Additionally, indium oxide, zinc oxide and titanium dioxide were doped with tin, gallium,
and silver/niobium, respectively, to obtain increased values of electrical conductivity. Afterwards,
stable suspensions of mesoporous powders with varying powder volume fractions and pH values
were produced through magnetic stirring and ultrasonication and further evaluated by dynamic
light scattering (DLYS).

Meanwhile, we describe an analytical model predictive of the electrical conductivity of

stable ceramic suspensions. Specific model systems in this study include fluids containing

XV



mesoporous powders of TiO2 doped with silver or niobium, ZnO doped with gallium, and In203
doped with tin. The electrical conductivities for all four suspensions were found to be lower in
acidic solutions (i.e., lower pH) compared to those in basic ones (i.e., higher pH). The behavior
of these ceramic suspensions can be explained by considering surface charge and suspension
stability. We have also determined that the particle size of the powders has a more pronounced
effect on the electrical conductivity of the suspensions compared to powder volume fraction.
Particularly, for the same material, larger particle sized suspensions were found to have smaller
electrical conductivity due to smaller cumulative surface area of the particles. A theoretical model
to describe the electrical conductivity of diluted powder suspensions by incorporating the effects
of powder volume fraction, particle size and suspension stability was proposed. This new model
predicts the final electrical conductivity of the ceramic suspension by incorporating the effects of
powder volume fraction, particle size and suspension stability. The calculations from our model

present excellent correlation with the experimental results.
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Chapter 1 Introductions

1.1 Mesoporous materials and applications

Porous materials including metal, oxides and carbon are generally composed of three
different classes based on their pore sizes: microporous, mesoporous and macroporous materials.
Microporous materials are particles with pore sizes less than 2 nm distributed on the surface of
particles, mesoporous materials have the pore size in the range of 2 nm-50 nm, macroporous
materials have the largest pore sizes (pore sizes >50nm) [1]. The first and also the most well-
known mesoporous material is a mesoporous silica called Mobil Composition of Matter No. 41
(MCM-41) [2]. MCM-41 was first discovered and synthesized by researchers from Mobil
Research and Development Corporation in 1992. MCM-41 is a synthesized mesoporous silica
with hexagonal and uniform pore sizes between 1.5 nm-10 nm. By using a liquid-crystal
templating method, MCM-41 with uniform arrays of micro pores and controlled pore sizes can be
produced. Later, another mesoporous family discovered by Kuroda and ExxonMobil called M41S
broadened the research in mesoporous materials [2]. M41S family are commonly synthesized by
using amines and ammonium ions as surfactants during the synthesis process [3, 4, 5, 6]. The
surfactants are attracted to the surface of the ceramic precursor and later the synthesized powder
precipitates during the heterogeneous hydrothermal reaction process. The surfactants are
eventually removed during the synthesis and therefore mesoporous morphology of the particle is
obtained. The sizes of the obtained powders are in small micron range. The successful synthesis
of M41S family triggers the intensive and mass research and study on mesoporous material

synthesis and applications.



Based on the concept and successful synthesis of MCM-41 and MA41S, other types of
mesoporous silicas have been produced such as MCM-48, MCM-50, SBA-2 etc. [7, 8, 9, 10, 11,
12]. The main difference between these mesoporous silicas is the different shapes of templates
utilized during the synthesis process. After removal of the templates, because of the use of
different shapes of templates, different pore morphologies will be obtained. For example, MCM-
48 is found to have a la3d space group based on analysis and calculation from X-Ray diffraction
(XRD) and transmission electron microscopy (TEM). Besides, by varying synthesis conditions of
MCM-41 like changing the silica/CTAB ratio or using different surfactants, different M41S
members have been produced and characterized [8, 9, 10, 11, 12, 13]. One other famous
mesoporous silica is called SBA-1. SBA-1 has a three-dimensional cubic structure [13]. Based
on SBA-1, mesoporous SBA-15 with highly ordered large pores distribution was synthesized as
well [14, 15]. Researchers employed a relatively cheap and later being extensively utilized
polymer template named Pluronic (Pluronic 123) as a shape directing agent. Apart from these well
known structures, some other novel mesoporous structures have been realized by common wet
chemical synthesis through the interaction of surfactants and inorganic precursors. A rectangular
arrangement of linear channels was obtained with an orthorhombic structured silica and further
observed with TEM [16]. Mesostructured cellular foam material with three-dimensional,
continuous large pores was also synthesized with triblock copolymer as template [17]. A chiral
mesoporous silica with ordered hexagonal chiral channels was synthesized by Che recently [18].

The complexed morphology was also investigated with transmission electron microscope.

People gradually start to shift their focus from mesoporous silica to other mesoporous
materials [9]. It was suggested that by substituting silica with other metal oxides, it is possible to

expand mesoporous material family from pure silica to other ceramic materials [19, 20].



Hexagonal structured mesoporous such as tungsten and antimony oxide could be obtained from
ionic synthesis approach. While for most other mesoporous metal oxide, Fe?*, Mg?*, Mn?*, Fe3+,
Co?*, Ni?*, Zn?*, APP* and Ga®*" present lamellar phases [19, 20]. Semi-crystalline mesoporous
metal oxides such as TiOz, ZrOz, Al203, Nb2Os, Ta20s, WO3, HfO2, SnO> as well as mixed oxides
SiAlOzs, SiTiOas, ZrTiO4, Al2TiOs, ZrW»0g with large pores have later been reported by Yang et
al [21]. The synthesized powders present a well ordered nanocrystalline structures which are
located within amorphous walls. One of the most famous and intensively investigated mesoporous
non-silica is mesoporous carbon. Mesoporous carbon has also been prepared and characterized
[22, 23, 24, 25] by several research groups. Among them, the first mesoporous carbon was
synthesized by Ryoon and his collaborators in 1999 [23]. As described in the paper, they used
mesoporous silica sieves as templates to synthesize ordered mesoporous carbon [23]. The
synthesis process includes mild carbonation process of sucrose with sulfuric acid as catalyst. The
slow and mild synthesis process guaranteed the successful synthesis of well-ordered carbon sieves
after the removal of silica templates. Later, Hyeon and co-workers also made mesoporous carbon
(named SNU-x) with very similar method [26]. Similarly, during the process mesoporous silica
(MCM-48 or SBA-15) was used as template and impregnated in the carbon precursor. After
removing silica by etching process, mesoporous carbon was obtained. Morphology control of
mesoporous carbon has been proven very successful, as many different mesoporous carbon have
been synthesized including single crystals [27], monoliths [28], fiber [28], nanospheres [29],
vesicles [30] and films [31]. Apart from mesoporous metal oxides and mesoporous carbons, the
synthesis has been expanded to transition metal oxides and this results in the synthesis of

mesoporous composites [32, 33]. With sol-gel process, a multi-layer mesoporous composite of



Fe304/Si02-Au/SiO; was fabricated and had shown good potential as catalysis for various catalytic

reactions.

Mesoporous materials have wide potential applications as catalysis, energy storage, drug
delivery, adsorption and sensing devices [20, 34, 35, 36, 37, 38]. Mesoporous materials have the
advantages of large surface area, controllable and uniform pore sizes. They are more favorable
used as hosts and adsorption of large protein or organic molecules [39, 40]. Specifically, those
enzymes and some other bio organic compounds can be immobilized in the pores on the surface
of mesoporous materials and remain their functionality. Amino acids are important supplements
and support for proteins in food technology and human daily life. Mesoporous silica (MCM-41
type) was tested for the adsorption of amino acids in aqueous solution. The results show that the
effect of loading highly depends on the solution pH and amino acid types [37]. Later,
phenylalanine and leucine on C14-MCM-41 was also investigated [37]. It has been confirmed that
MCM-41 is a very good candidate for protein adsorption. MCM-41 also has better adsorption of
vitamin B-2 compared with MCM-48 [41]. The pore size differences between two mesoporous

silicas (MCM-41 and MCM-48) result in different adsorption behavior.

Other examples include the adsorption of vitamin E with mesoporous carbon in n-heptane
and n-butanol solutions [42]. Based on the research, larger specific pore volumes can lead to better
vitamin E adsorption. So far, it has shown successful attachment of a variety of proteins and small
bio molecules such as vitamin E, catalase, lysozyme etc. on ordered mesoporous silica [40, 43, 44,
45, 46, 47]. Some simple molecules rather than protein have also been tested and explored to
develop adsorption system [48]. SBA-15 and MCF together with polysaccharide molecules
(dextrans) were tested. These combinations provided some insights into the relationship between

adsorption amount and molecular weights of protein and bio molecules.



The combination of mesoporous silica or carbon with enzyme immobilization can be
further used as bio catalysis, drug delivery and bio molecules separations [49, 50, 51, 52].
Controlled drug delivery system is a process that the drug delivery amount and rate can be well
controlled and the targeting area in body is well defined. As a fast developing and one of the most
promising applications in human health, it has been intensively studied recently [49, 50, 51]. It
was in 2001 that MCM-41 was first suggested as a potential candidate for drug-delivery system
[52]. Mesoporous silica has several advantages as being employed in drug delivery system. Firstly,
it has very homogeneous pore size distribution, which allows precise control of drug loading and
release process. Secondly, it has large pore volumes and it enables large amounts of drug loading.
The high surface area of mesoporous silica can guarantee more drug adsorption during the loading
process. Lastly, the surface of mesoporous silica can be accordingly functionally changed for
better drug release control. These outstanding advantages of mesoporous silica make them great
candidates for drug delivery system. Apart from aboved mentioned properties, silica-based

mesoporous materials also show good biocompatibility based on previous research [53, 54, 55].

For other mesoporous materials, by depositing proteins in porous glass and sol-gels, they
can be used as bio-sensors [56]. Some recent studies have shown that mesoporous glass together
with proteins have great potentials for using as biosensors and biological applications [57, 58].
However, the disadvantage of porous glass is the high cost. To solve this issue, researchers
changed from porous glass to mesoporous silica after the successful discovery of mesoporous
silicate molecular sieves. The mesoporous inorganic materials are usually synthesized by a
hydrothermal procedure in an autoclave and the synthesized inorganic materials present narrow

pore distributions.



Mesoporous materials can also be utilized as electrodes in solar cells, fuel cells and
batteries. The special porous morphology enables them suitable for several different materials
adsorption like lithium ions, hydrogen atoms sulfur molecules and so on [59, 60]. Big surface area
and large pore sizes make them more efficient in electrolyte transport [61]. Mesoporous TiO2 is
among the best choice due to its superior chemical and physical advantages compared to other
metal oxides [62]. Mesoporous crystalline Si can also be used for solar fuel production due to its
superior behavior in photocatalytic activity for hydrogen evolution [63]. Except TiO2 and Si,
mesoporous TasNs, Fe203, WOz, BiVO4 and C3N4 have also been proven to possess better activity
in fuel production compared to other novel materials [64, 65, 66, 67, 68, 69]. Furthermore,
mesoporous materials have wide applications in rechargeable batteries, supercapacitors and fuel
cells[70, 71, 72]. Higher efficiency is obtained from its mesoporous morphology due to the reason
that those interconnected channel walls and micro sized pores can better facilitate electron
transport. Overall, the presence of meso-pores can greatly increase their efficiency and stability

in energy storage and energy conversion.



1.2 Mesoporous material synthesis methods

There are multiple approaches in mesoporous material synthesis, such as soft-templating,

hard-templating and template-free methods [73, 74, 75, 76, 77, 78, 79, 80, 81, 82].

Soft-template method is mainly realized by two pathways: cooperative self-assembly and
““true’’ liquid-crystal templating process [75, 83]. Generally, for soft-template method surfactant
molecules such as polymer are assembled inside particles during the wet-chemical synthesis
process [84, 85, 86, 87]. Templates or structure directing agents are removed afterwards by heat
treatment to leave particles with open pores. During the self-assembly process, surfactants that
are serving as template interact with aiming materials. The interaction is driven by Coulomb force,
covalent bond or hydrogen bonding. Phase separation and rearrangement between inorganic
material and surfactants take place and eventually materials with uniform pores distribution are
obtained. For the second approach (liquid-crystal templating method), surfactants can form crystal
or half-crystal liquid templates during the synthesis process. Inorganic materials will grow
surrounding the template, templates are removed after reaction. Usually, the surfactant is made
up of hydrophobic and hydrophilic parts. Depends on the concentration of amphiphile, there are
three different arrangements for the surfactants [88]. At low concentration, they will aggregate at
the surface. With concentration increase, surfactant will arrange into micelles. Eventually, it will
reach the critical micelle concentration [89]. Beyond the critical micelle concentration, these self-
assembly clusters will form 2D rod, 3D sphere and some other arrays and further these molecules
become the void spaces to produce final pores on particles. Based on soft-template methods, a lot
of materials have been successfully synthesized including silica [2, 14, 74, 78, 79, 80, 90],
aluminosilicates [90, 91, 92, 93, 94, 95], organosilica [61, 69, 96, 97, 98], carbon [99, 100], metal

oxides [101, 102, 103, 104, 105, 106, 107], metal [108, 109, 110], and polymers [111, 112].



There are both advantages and disadvantages using soft-template methods in producing
mesoporous materials. The pore size and structures are controllable using soft-template methods,
high quality and large production are also achievable. But it requires addition of template and for
most of the cases those surfactants are very sensitive to the environments like pH and temperature

change [71]. Therefore, soft-template methods have some limitations.

Hard-template method also known as nanocasting is another common way for producing
mesoporous materials [73, 75]. Usually mesoporous carbon or mesoporous silica even some
clusters of nanoparticles serve as the hard templates. During the synthesis process, these templates
need to be well assembled with surfactants. Meanwhile, the mischannels need to be fully filled
with targeting synthesized materials to guarantee the final organized mesoporous morphology after
hard templates removal. Because of the good protection from these hard templates, highly ordered
crystalline even single-crystalline materials can be synthesized. Among the hard-templates, KIT-
6 is the most famous and commonly used template [113]. KIT-6 is a well-organized mesoporous
silica with uniform pore distribution and it belongs to the cubic la3d space group. The pore
diameter of KIT-6 can be adjusted by changing the synthesis condition, which makes it a very
flexible template choice. A wide range of mesoporous materials have been synthesized with hard-
template methods including but not limited to carbon [74, 75, 76, 78, 79, 80, 90, 114], metal oxide
[66, 67, 115, 116], metal sulfides [117, 118, 119, 120], metal nitrides [121, 122, 123, 124, 125]
and metal carbides [126, 127]. Albeit its great advantages in producing highly organized and well-
ordered mesoporous materials, the use of hard-template is very expensive, and the synthesis
process is time and labor consuming. Besides, the limited choices of hard-templates make it less

flexible compared with soft-template methods.



Apart from synthesis methods with templates, template-free solvothermal synthesis is
another very common way to produce mesoporous material by the nucleation and aggregation of
nanoparticles [128, 129]. Compared with hard-template and soft-template methods, template-free
route is more convenient and cost efficient. Mesoporous titanium dioxide [130, 131, 132], iron
oxide [133], copper oxide [134] and some other metal oxide [135, 136], silica [137, 138] have

been produced with template-free approach.

Besides the above mentioned most-common methods, multi-templating method [139], In-
situ templating pathway [140, 141, 142, 143, 144] are also achievable ways in producing

mesoporous materials.



1.3 Introduction of the four materials

1.3.1 TiO2 and Ag/Nb doped TiO>

Titanium dioxide or titania is a white chemical powder with characters of good thermal
stability, nontoxicity and nonflammability [145]. It also has poor solubility in water and is highly
resistant to corrosion. Titanium dioxide has three different crystal structures including rutile,
anatase and brookite. Rutile and anatase phases are the most common phases with both wide band
gaps of 3.2 eV (387 nm) and 3.0 eV (413 nm) [146]. The common and widely used methods to
produce titanium dioxide are sulfate process and chloride process [145]. Titanium dioxide has
wide industrial applications such as photocatalysts and ingredient for sunscreen due to its high UV
absorbing efficiency. In 1972, Fujishima and Honda did pioneer work of using titanium dioxide
as photoelectrodes [147]. The application of titanium dioxide as a photoelectrode which can split
water into hydrogen and oxygen with reaction of sunlight has received wide attention. Besides,
titanium dioxide has been widely investigated with different doping elements including Fe, Co, Cr,
Ni, Mo [148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159], N, C, F, and S [160, 161,
162, 163, 164, 165, 166, 167, 168, 169, 170, 171]. In current research, we are mainly interested
in the incorporation of silver and niobium as doping materials. Silver can be added to titanium
dioxide during the synthesis process by two ways. One method is to reduce silver ion to silver
metal by irradiating the mixture, the other method is to decompose silver nitrite to silver ions
during the sol-gel synthesis with calcination process [172]. The main application of silver doped
titanium dioxide is to produce semi-conducting photocatalytic material. They can efficiently
tackle environment contaminants by degrading organic pollutants [172]. The wide band gap of
titanium dioxide limits it using visible light as light resources. Since majority of sunlight composes

visible light, this restricts titanium dioxide from being used as solar or room-light activated

10



catalysts. Numerous studies have been conducted to try to develop the visible light activity with
titanium dioxide by using silver doping. The introduce of doping metal ions into titanium dioxide
can change its charge carrier concentration and electron transfer rate. The electrical conductivity
of titanium dioxide can be great improved from doping elements such as silver and niobium [173,

174].
1.3.2 ZnO and Ga doped ZnO

Zinc is a very active metal. Because of its small reduction potential, it can easily oxidize
and usually present zinc oxide in nature. Despite of the fact that zinc is very crucial for human
organisms [175, 176] and is usually regarded as non-toxic, there is evidence showing that free zinc
ions may cause neutron degradation [177]. In this case, zinc oxide is preferred as a choice in many
chemistry and daily life compared with pure zinc. Zin oxide possesses outstanding characteristics
and performance in optical and electrical applications [178]. Zinc oxide has electron-binding
energy of 60 meV [179] and a wide band gap of 3.37 eV. It is a typical n-type semiconductor
[180]. Zinc oxide can be utilized in optoelectronic industry and applied to visible and close to
ultraviolet spectral materials. In specific applications, it can be used as photo-catalysts [181, 182],
gas sensors [183, 184], pharmaceutical and cosmetic materials [185], UV-light emitting devices
[186, 187]. Zinc oxide normally has two crystal structures: hexagonal wurtzite and cubic blende.
It can be synthesized either in physical [188, 189, 190, 191, 192] or chemical way [193, 194, 195,
196]. Zinc oxide has very poor electrical conductivity, but Ga doped zinc oxide possesses high
electrical conductivity since the substantial doping can increase the charge carrier density [197].
There has been report stating that Ga doped zinc oxide can have electrical conductivity as high as
8.12 x 10 ° Q cm [198, 199, 200]. The increased electrical conductivity, better environment

stability and lower cost of Ga doped zinc oxide make it a better substitute for traditional
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semiconductor or electrical conductive ceramic materials in a variety of application such as solar

cells [201, 202] and organic photovoltaics [203, 204, 205, 206].

1.3.3 In203 and Sn doped In203

Indium oxide is a n-type semiconductor with a band gap of 3.5eV [207]. When synthesized
at low temperature (below 250 °C) indium oxide is amorphous and when synthesized at above
250 °C indium oxide is crystalline cubic phase [208]. Indium oxide shows high optical
transmittance, high optical reflectance and low electrical conductivity. By adding external doping
materials, the optical transmittance and electrical conductivity of indium oxide can be further
increased or decreased [209, 210]. Normally, indium oxide behaves as insulator, but by creating
defects or making off stoichiometry in the material it can become electrically conductive [211].
Because of its superior and special qualities, indium oxide has wide applications in using as
transparent conducting electrodes, ethanol vapor or other chemical gas sensors, coating materials,
photovoltaic devices, etc. [212, 213, 214, 215, 216, 217, 218]. The most common doping
materials in indium oxide include iron, nickel, carbon, fluorine, cobalt, chromium, manganese,
copper, molybdenum [208]. Among all these doping materials, indium tin oxide (ITO) is the most
famous and widely used material with potential applications in biosensors and photovoltaic
devices [219]. Compared with pure indium oxide, indium tin oxide shows superior electrical

conductivity and optical transmittance [219].
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1.4 Nanofluids & stable micron particles suspensions

It has been demonstrated that adding particles (metal, metal oxide) into base fluids (water,
ethanol or oil) can greatly improve the thermal conductivity of the corresponding suspensions
compared with pure base fluids [220, 221, 222, 223, 224]. Among them, nanofluids are the most
investigated. Nanofluids are stable base fluids (water, ethanol, ethylene glycol etc.) containing
nanosized materials (nano particles, nanofibers, nanotubes etc.). Nanofluids was first proposed
and developed to increase the heat transfer fluids thermal conductivity [225]. It shows superior
characteristics compared to conventional solid-liquid unstable suspensions which are
combinations of separate phases [222]. The nano-sized materials in nanofluids have larger surface
areas thus it improves the heat transfer process. Besides, nanofluids have reduced particle
agglomeration and higher suspension stability compared to conventional slurries. By changing
different materials and base fluids, nanofluids is a very flexible system with adjustable properties.
Nanofluids can be used for heat dissipation in electronic system because of its higher thermal
conductivity [226, 227]. It can also be used for industrial transportation system, micromechanics
and instrumentation and heating, ventilating and air-conditioning (HVAC) systems [228]. There
are commonly two-step and one-step methods to form nanofluids. For two-step method, nano-
sized particles were first synthesized through chemical or physical method [229]. After obtaining
the nanomaterials, physical mixture like magnetic stirring, ultrasonication and ball milling are
applied between nanomaterials and base fluids. Eventually a well dispersed stable suspension can
be produced. Two-step method is the most common and economic way to synthesize nanofluids
and has been used in large-scale industrial production. For one-step method, the particle synthesis

and dispersion are conducted at the same time [223]. Particle agglomeration can be greatly
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decreased, and particle stability is greatly increased with this preparation method [230]. However,

one-step method cannot produce suspensions in large scale and the cost is high.

There have also been many investigations on other stable suspensions with larger particle
sizes [231, 232, 233]. Usually the powders are a few hundred nanometers or even micrometers.
These suspensions also have wide applications due to the facts that they are more convenient to be
produced and much cheaper compared to nanofluids. They also have very superior advantages in

applications for electronics, solar cells, thermal and electrical uses.
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1.5 Zeta potentials and electrical double layer

For powder suspensions, zeta potentials and electrical double layers (EDL) are the two
most important parameters deciding the suspension stability and particle size distributions. When
particle is in contact with base fluids, an electrical double layer is formed on the surface of the
particle. On the surface of the particle, there is an electrical field and this electrical field attracts
opposite charges from the solutions and repels the same charges. Outside the layer of the particle,
there is a layer of attractive counterions and repulsive co-ions. Together they make up of the
electrical double layer. Electrical double layer is composed of two layers: diffuse layer and Stern

layer [234]. The schematic illustration [234] of electrical double layer is shown in Figure 1.1
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Figure 1.1 Conceptual representation of the electrical double layer [234]

When powders are dispersed in aqueous solutions, the electrostatic interactions between
the two phases are very important study and key interest in many areas such as soft material [235],

colloidal science [236] energy storage devices [237, 238] and surface chemistry [239, 240]. The
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electrical double layer is normally only a few nanometers thick. This thin layer plays important
roles in affecting the behavior of charged ions, interactions between particles and the particle-
liquid interfaces. The electrostatic interactions between each charged particle, the motion of the
particles in electric field, interfaces and solutions motions are all controlled by electrical double
layer [241, 242, 243, 244, 245, 246, 247, 248]. Currently there are several models trying to
explain electrical double layer. One of the famous models is Gouy-Chapman-Stern Model [249,
250, 251]. Internal stern layer and outside Gouy-Chapman diffuse layer are the two components

of electrical double layer.

At the interphase between moving particle and solutions, there are simultaneous
interactions between mechanical and electrical effects. Zeta potential is the electrical potential
measured at the slipping plane. With distance increase at the diffuse layer of electrical double

layer, zeta potential is found to decrease [252]. It can be expressed as Equation 1.1:
Y= exp(-iy) (1.1)
X represents the distance away from the stern layer to the inside slipping plane.

Zeta potential can be determined by four different kinds of electrokinetic phenomena:
Electro-osmosis, electrophoresis, streaming potential and sedimentation potential [ 253 ].
Depending on the particle sizes and electrical double layer thickness, zeta potential of suspensions
can vary greatly [253]. In colloidal systems, zeta potential is usually obtained by measuring

responses of small particles when they are placed in an applied electrical field.
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1.6 Particle size distributions and Dynamic Light Scattering

Suspensions with particles uniformly distributed in solutions are widely used in pharmacy,
food industry, medicine etc. [254, 255, 256, 257, 258, 259]. The most important parameters to
characterize suspensions are the particle size distribution and suspension stability. Dynamic light
scattering (DLS) is the most common method to determine the particle size [260, 261, 262, 263,
264]. DLS is also known as photon correlation spectroscopy [265] and quasi-elastic light
scattering [266]. Based on the sizes of the particles, there are Rayleigh scattering (for small particle
sizes) and anisotropic Mie scattering (for larger particle sizes) [267, 268, 269]. The schematic

figure showing the two different kinds of scatterings are shown below in Figure 1.2 [270].

Rayleigh scattering Mie scattering Mie scattering
®  Particle size< A/10 ®  Particle size> A/10 angle-dependence increases
* Not angle-dependent *  Angle-dependent with bigger particles
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v

v
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Figure 1.2 Two different kinds of scatterings based on the particle sizes [270]

In a colloidal suspension system, the particle will interact with the incoming laser and scatter

back a signal, the intensity of the scattered light can be detected by DLS.
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1.7 Current electrical conductivity study of mesoporous materials

Mesoporous materials have large surface area and uniform organized pore distributions.
They can be used for thermoelectrical materials since the pores can reduce their thermal
conductivities. Further, by doping impurities can increase their electrical conductivity [174].
Mesoporous TiO2 thin films have been synthesized with 3 at% Ag doping through a sol-gel process
[174]. Because Ag*ion is much larger than Ti*" ion, during the doping process, Ag* ions aggregate
and form metallic Ag phase than substitute Ti** ions. The formation of this metallic Ag phase
greatly improves the electrical conductivity of synthesized mesoporous TiO2 thin films. Sn doping
concentration has been altered the electrical conductivity of mesoporous indium tin oxide has been
investigated [271, 272, 273]. A certain amount of Sn can improve the electrical conductivity of
mesoporous indium oxide. Sn can substitute In during the doping process and result in excessive
unpaired electrons from the mismatch of stoichiometric ratio. These free electrons can behave as
free carriers since they are bounded together by weak forces. The introduce of these free carriers
greatly improve the electrical conductivity of the original mesoporous indium oxide material.
Indium tin oxide with highest electrical conductivity can be obtained when 10 mol% tin doping is
added. Mesoporous tungsten oxide with high electrical conductivity has also been synthesized
and analyzed [274]. Because of its high electrical conductivity, it can be used as pseudocapacitor
electrode. By using hard-template method and KIT-6 silica as the template, well ordered
mesoporous tungsten oxide is obtained and its electrical conductivity is almost as high as

meSsoporous carbon.

18



1.8 Electrical conductivity models

Apart from experimental observations of the electrical conductivity of stable suspensions,
several models have been developed to better understand the mechanisms and predict the electrical
conductivity of these system [275, 276, 277, 278, 279, 280, 281, 282, 283].

The earliest model to describe both the electrical and thermal conductivities of suspensions is the

Maxwell model [275] with the equation expressed by:

2 _ 200+0p—2(0g—0p)@
0o 209+0p+(0dg—0p)@

(1.2)

where oo is the electrical conductivity of the base fluid, o, is the electrical conductivity of the solid
nanoparticles, and ¢ is the powder volume fraction. This model can be applied to predict the
electrical conductivity of solid-liquid suspensions with low powder volume fractions and uniform
dispersion. The model can also be expressed by Equation 2, where a is the ratio between the

electrical conductivity of particles and the electrical conductivity of base fluid:

3(a-1)¢
UMaxwell = 0-0(1 + (a+2)—(a—1)<p) (13)

This equation is the most common form of the Maxwell equation. By further considering the
conducting nature of both solid particles and liquid base fluid, the Maxwell model is able to
describe the following three cases: (Case 1) insulating particles (op << 60), (Case 2) almost equal
conductivity between particles and a base fluid (cp = 60), and (Case 3) highly conductive particles
(op >>00). The conductivity ratio can be simplified by functions of particle volume fractions for

each case:

Casel: a -0, Ui =1- Z(p (insulating particles)
0
Case 2. a =1, ai = 1 (almost equal conductivity between particles and a base fluid)

0

Case 3: a — oo,ai = 1 + 3¢ (highly conductive particles)
0
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Therefore, the corresponding electrical conductivity of a suspension can be smaller, equal or larger
than the electrical conductivity of a base fluid. The ratio between electrical conductivity of
particles and base fluid determines the contribution of the dispersed phase to the entire electrical
conductivity of the suspension. When this model is applied to suspensions with low powder
volume fractions (dilute suspensions with powder volume fraction < 1vol.%), it demonstrates
almost a linear dependence between the electrical conductivity of a suspension and the
corresponding particle volume fractions. The Maxwell model demonstrates a good agreement for
several dilute suspensions [284, 285]. However, several studies have shown that the electrical
conductivity of insulating particles is underestimated by the Maxwell model [279, 286]. The main
limitation of this model is that it neglects factors that have been shown to influence the behavior,
including particle size, particle dynamics, particle-particle interactions, and particle-solution
interactions.

Based on Maxwell model, a more comprehensive model including the particle interactions
with dispersing solution was developed by Shen [276, 280]. This model was verified with zinc
oxide in insulated oil fluids system. The author measured the electrical conductivities of zinc
oxide-insulated oil system. It was proposed that the final nanofluids’ electrical conductivity should
be a combination of static electrical conductivity (Maxwell model) and dynamic (Brownian motion
and Electrophoresis) electrical conductivities. The specific equation describing the model is
shown by Equation 1.4:

o =oy+og+og

1
A(T-Ty) 25 2. 277 2
3¢peregUyp (RT e 0 )ZJ_ 20Uy eMT—To) (1.4)

=Sormy(1+3¢)+ BT, |
om( ®) r§ L "3mpu(1+25¢0+625¢2 pU(1+25¢0+625¢2r2)

In this equation, om, oB, ot represent the electrical conductivity from Maxwell model,

Brownian motion and Electrophoresis respectively. ¢ is powder volume fraction, € and & are the
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dielectric constant of the vacuum and relatively dielectric constant of the base fluid. r is the
average radius of the particle and Uy is the zeta potential of the nanofluids. p is the density of the
fluid and v is the kinetic viscosity of the fluid. T is the temperature in Kelvin, L and R represent
Avogadro’s constant and thermodynamic constant. A is the viscosity index of the fluid.

A relatively complicated model was generated to describe the relationship between nanofluids’
electrical conductivity and powder volume fraction/temperature change. The main restriction for
this model is using insulated oil as a solvent. Since there is very limited ion exchange between
zinc oxide and insulate oil system, the ion exchange and transportation are very rare compared to
conventional water-based ceramic suspensions. Besides, pH changes or suspension stability was
not considered in this model, therefore, this model cannot fully explain the mechanisms of
electrical conductivity of ceramic suspensions.

Ganguly et al. [278] and Minea and Luciu [281, 287] both proposed a two-factor equation
using a regression analysis to model the suspension’s electrical conductivity based on the
experimental measurements of their alumina-water system. They obtained equations (Equation
1.5 and Equation 1.6) to describe the empirical relationship for the final alumina-water nanofluid

electrical conductivity as a function of particle volume fraction ¢ and temperature T.

2L = 3679.049¢ + 1.085799T — 43.6384 (15)
bf

Jeft represents the electrical conductivity of nanofluids and At is the electrical conductivity of base

fluids.

Kgiectrical conductivity = 176.69 + 588.41¢p — 13.64T — 86.31¢? + 0.36T2 + 1.07t¢ +

11.06¢ — 0.003T3 + 0.18t2¢p — —1.01t¢h? (1.6)
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Both of those equations are only based on the fitting of alumina-water electrical
conductivity data that were obtained in the experiments with regression analysis. Thus, they are
not applicable to other material systems.

O’brien [283] developed more complicated model with wider applications using the electro
kinetic radius and zeta potential to predict the electrical conductivity of dilute suspensions. It was
assumed that when particles are dispersed into solution, particles together with their double layer
(a thin layer that appears on the surface of the particle when it is dispersed in fluid) only occupy
small part of the total suspension volume. As a result, ions will aggregate on the surface of the
particle and contribute to the electrical conductivity of the suspension. To calculate the electrical
conductivity of the suspension, a series of coupled differential equations were used to calculate the
flow field as well as ion densities, quantities of the electric field on the surface and away from the
particles. This model provides an approximate solution for the situation of low zeta potential
suspensions with a symmetric electrolyte (a substance whose formula unit has one cation and one
anion that dissociate completely) dispersed with spherical particle. The electrical conductivity K

is finalized with Equation 1.7 shown as below:

N =N p2p 2
=1 -3¢ — [F2EE 1 M(xa) + N(xa) | —2L )4 (£)'] (1.7)
Kpr kT 2f="’z?<7i> kT
j=1 J m]
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In the above Equations each of the variables are defined as below: K is the electrical

conductivity of suspension, Kps is conductivity of the electrolyte beyond the double layers and K
is the electrical conductivity of the fluid. z; is ionic charge, T represents the temperature. ®1 and
o are the ionic mobility of the suspensions, m: and m. are ionic drag coefficients of the particles.
{ is the zeta potential of the suspension. (ka) is the double layer thickness. L(ka), M(ka) and N(ka.)
are the mathematical functions of exponential integrals.
The main limitation of this model is that it is only applied to low zeta potential (near 0) suspensions
with nonconducting charged particles. At this low zeta potential status, the suspension is highly
unstable. It is not applicable to stable suspensions. Therefore, this equation is more useful to
determine the zeta-potential of particles which is too small to be observed using common tools
(such as DLS) than to predict the electrical conductivity of the suspension.

Despite the fact that an extensive and tremendous research of the effects of temperature,
powder volume fraction, particle sizes on the corresponding electrical conductivity of ceramic
suspensions was performed [277, 278, 288], most of the studies are limited to be focusing on one
or two aspects only. In addition, to the best of the author’s knowledge, there is no research studies
targeting mesoporous ceramic suspensions. One of the goals for the current study is to propose a
new model which will combine the previous efforts to describe an electrical conductivity of
ceramic suspensions. In this paper, ceramic suspensions based on four mesoporous materials
(Ag/Nb doped TiO2, Ga doped ZnO, and Sn doped In.O3) were produced, and their electrical
conductivities were extensively studied. Most importantly, a comprehensive model to describe
the electrical conductivity behavior of dilute mesoporous ceramic suspensions was proposed. An

excellent correlation between the model predictions and experimental results was obtained.
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1.9 Goals of my research

Four mesoporous materials with different doping elements are synthesized and analyzed
with a variety of technical methods. Mesoporous ZnO:Ga, TiO2:Ag, TiO2:Nb, In203:Sn are the
four targeting materials in our research. They are synthesized by both soft and hard template
methods. The electrical conductivities of the synthesized mesoporous materials are increased after
different dopings. Pore sizes and morphologies are studied by BET and TEM methods.
Afterwards, mesoporous suspensions with varying powder volume fractions and solution pH
values are produced through overnight magnetic stirring and long-time ultrasonication. Their
electrical conductivities are measured with a bench meter electrical conductivity machine.
Meanwhile, particle sizes and zeta potential values of the suspensions are also measured with
dynamic light scattering (DLS). Correlations between particle sizes, suspension stability and their
electrical conductivities are summarized. A systematic investigation of a wide range of electrically

conductive mesoporous material suspensions are studied as well as their mechanism are discussed.

Fungal peroxidases are enzymes able to perform catalysis in superficial amino acids
through a long-range electron transfer (LRET). The use of electrically conductive mesoporous
ceramic powders appears as a new way for enzyme immobilization aiming to oxidize potential
substrates directly in the mesoporous ceramic and improving the overall biocatalytic performance.
The goal of this project is the design and characterization of unique mesoporous biocatalytic
electrode architectures for optimal energy conversion in biofuel cells (BFCs). We will explore the
fundamental behavior, design, optimization, and manufacturing of mesoporous powders and their
incorporation into biomimic fluids. The fundamental contribution of this project to science and

engineering is the discernment of the necessary foundational principles required for the
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development of unique electrode architectures and favorably oriented modified enzymes in

mesoporous materials for efficient bioenergy harvesting.

Chapter 1, in part, is currently being prepared for submission for publication of the material.
Shuang Qiao, Ekaterina Novitskaya, Flor Sanchez, Manuel Herrera Zaldivar, Rafael Vazquez-
Duhalt, and Olivia A. Graeve. The dissertation author was the primary investigator and author of

this material.
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Chapter 2 Mesoporous Powders Synthesis and Characterizations

2.1 Powder synthesis
2.1.1 Synthesis of Ga doped mesoporous ZnO

Mesoporous ZnO was synthesized with template-free method. Ga dopant was added during
the synthesis process with gallium nitrate as doping agent. To be specific [289], 2.97 g of zinc
nitrate hexahydrate (223787, reagent grade, 98%, Sigma Aldrich, St. Louis, MO, USA) was mixed
and dissolved in polyethylene glycol 200 (PEG 200) (81839, Fisher Scientific, Hampton, NH,
USA). Then 0.13 g of gallium nitrate (289892, 99.9% trace metals basis, Sigma Aldrich, St. Louis,
MO, USA) was added into the above solution. The solution was kept for 6 hours at a temperature
of 160°C. After cooling to room temperature, the synthesized brown powder was washed with
deionized water and ethanol twice. Eventually, the powder was heated at 500°C for 4 hours to

acquire its final mesoporous morphology.

2.1.2 Synthesis of Ag/Nb doped TiO>

The procedure of producing mesoporous TiO2 was similar to [290] with several extra
doping steps. A mass of 1.50 g of poloxamer 407 (16758, purified, non-ionic, Sigma Aldrich, St.
Louis, MO, USA) was dissolved in 100 mL of deionized water and 0.82 mL of sulfuric acid (11000,
99.999%, Alfa Aesar, Haverhill, MA, USA) were dropped into the solution to form Solution 1,

after which 0.11 g of AgNOs (209139, ACS reagent, =99.0%, Sigma Aldrich, St. Louis, MO,

USA) were added. Next, 8.15 mL of titanium tetraisopropoxide (TTIP) (377996, 99.999%, Sigma
Aldrich, St. Louis, MO, USA) and 2.83 mL of 2,4-pentanedione (A14117, 99%, Alfa Aesar,

Haverhill, MA, USA) were simultaneously added into the above solution while stirring at 50°C
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for half an hour. The resulting yellow solution was then hydrothermally reacted at 90°C for 10
hours in a heating flask which was connected to a condenser with cooling water system. The
obtained powder was filtered and dried at room temperature in air and calcined at a temperature of
600°C, using a heating rate of 1°C/min and a holding time of 2 hours. The procedure for producing
Nb-doped TiO2 was as described above, except the AgNO3 was replaced with NbCls. During the
doping process, 0.38 g of NbCls (326364, Sigma Aldrich, St. Louis, MO, USA) were first

dissolved in 10 mL of pure ethanol, then the solution was added to Solution 1.

2.1.3 Synthesis of Sn doped In,03

The procedure of producing mesoporous In2Oz was similar to the description in [291]. in
which the pores were obtained by etching off the silica template (KIT-6) embedded in the In203
particles. KIT-6 was originally synthesized using a hydrothermal method. First, 60.00 g of
deionized water and 5.83 mL of HCI (H1758, 36.5-38%, Sigma Aldrich, St. Louis, MO, USA)
were mixed, after which 1.96 mL of pluronic P123 (435465, PEG-PPG-PEG, Sigma Aldrich, St.
Louis, MO, USA) were added and dissolved in the above solution. Subsequently, 2.47 mL of 1-

butanol (B7906, for molecular biology, =99%, Sigma Aldrich, St. Louis, MO, USA) were added

to the solution, then stirred for 1 hour, after which 4.29 mL of tetraethyl orthosilicate (TEOS)
(333859, 99.999%, Sigma Aldrich, St. Louis, MO, USA) were added drop by drop to the solution,
and the whole mixture was kept at 35°C for 24 hours. The resulting solution and white precipitate
were kept at 140°C for 24 hours. After the hydrothermal reaction in the same set-up that was used
to synthesize titanium dioxide, the white as-synthesized product was filtered out, and kept in a
mixture of ethanol/HCI (1:1 ratio) solution for 12 hours. After filtering and drying at room
temperature in air, the powder was calcined at a temperature of 550°C using a heating rate of

2°C/min and a holding time of 2 hours. The obtained white powder was the KIT-6 silica template.
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The first step in the preparation of the Sn-doped In2O3 required first dispersing 0.15 g of
KIT-6 silica in 8 mL of ethanol. Next, 0.60 g of In(NO3)z*xH20 (326127, 99.99%, Sigma Aldrich,
St. Louis, MO, USA) and 42.00 mg of SnCl, (208256, reagent grade 98%, Sigma Aldrich, St.
Louis, MO, USA) were added into the mixture, left stirring for 2 hours, and then left to dry at 40°C
for 24 hours. After drying, the powder went through a two-step heating process. The first step
was a 2-hour holding at 130°C, followed by a second heating process of 5-hour holding at 250°C.
For both steps, the heating rate was 5°C/min. Then 0.3 g of In(NO3)3*xH20 and 21.00 mg of
SnCl, were added to the powder obtained from previous step, and stirred for 2 hours in 8 mL of
ethanol. After another overnight drying at 40°C, the obtained powder was calcinated with 2-hour
holding at 130°C first and then 5-hour holding at 550°C (5°C/min). The last step is to etch off the
KIT-6 silica. The etching process was conducted at room temperature. First, 2.40 g of NaOH

(S8045, =98%, Sigma Aldrich, St. Louis, MO, USA) were first dissolved in 30 mL of deionized
water. The previous obtained powder was added to the NaOH solution and kept at 70°C for 6

hours. The same etching procedure was repeated twice. In,Os powder was retrieved by
centrifugation (10 min. at 11000 rpm), washed with deionized water twice and dried at the open

air.

28



2.2 Characterization techniques

All the powders were characterized with multiple techniques: XRD for crystal phases,
TEM for particle morphology, EDX for doping confirmation, BET for pore sizes and DLS for

particle sizes.

A D2 Phaser (Bruker AXS Inc., Madison, W1) instrument using CuK radiation was used
to carry out the powder X-Ray diffraction measurement. During the measurement, step size was
0.04° 26 and a count time count time of 1 s by scanning from 20° to 80° 260. Particle and pore
morphologies were analyzed by transmission electron microscopy (TEM) using a TecnaiTM TEM
(G2 Sphera, FEI Company, Hillsboro, OR) instrument with an operating voltage of 200 kV.
Powders were well dispersed in acetone with mechanical stirring and ultrasonication as dispersing
method. One drop of the diluted solution was put on a copper grid sample holder and dried
immediately with a filter paper. EDX was performed with a FEI/Phillips XL30 ESEM. Specific
doping element was confirmed by the EDX analysis. Total surface area was measured by
Brunauer—Emmett—Teller (BET) method and pore size distribution was calculated with Barrett—
Joyner—Halanda (BJH) method [292]. In order to prepare stable nanofluids, the mesoporous
powders were dispersed in solutions with different pH values (pH 3-9) for overnight magnetic
stirring and subsequent 2h ultrasonication. Solutions with different powder volume fractions
(0.125 vol.%, 0.25 vol.% and 1 vol.%) were prepared, and their electrical conductivities were
measured with a 4-Cell conductivity electrode meter (Cyber Scan PC10). The set-up was
calibrated with de-ionized water and ethanol before measurements. Each measurement was
repeated four times to obtain consistent results. The readings from the display show both
temperature and electrical conductivity of the suspension once it is stable. Zeta potential and

particle size distributions were measured with dynamic light scattering on a Nanotrac Wave Il
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system (Microtrac Inc., York, PA, USA). The errors are combination of both instrumental and
measurement errors. The measurement error is calculated based on the repeating readings for each

measurement. The instrumental uncertainty for this machine is 1% (full number + 1 digit) and

0.1 K (0-1999 _S/cm).
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2.3 Powder characterizations

2.3.1 Powder characterizations of Ga doped mesoporous ZnO

Newly synthesized and Ga:ZnO powder after washing procedure is brown color. After
calcination at 500 °C for 4h, the powder turns to milky white. Afterwards, the powder is examined
and characterized with X-Ray diffraction (XRD), Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and Brunauer-Emmett-Teller (BET) to confirm its

crystal structure, micro morphology and pore sizes.

Waurtzite ZnO (PDF#01-089-1397)
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|
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Figure 2.1 XRD pattern for mesoporous ZnO:Ga

Figure 2.1 shows the XRD pattern of the synthesized and calcinated Ga doped ZnO
powders. After analysis, all peaks confirm to be consistent with Wurtzite ZnO (PDF card# 01-089-
1397). There is no peak for Ga or Ga-Zn, Ga-O, Ga-Zn-O compounds. This means that this small
amount of Ga dopant (5 wt.%) does not change the crystal structure of ZnO. The pattern also

shows that there is no impurity produced except pure ZnO during the synthesis.
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SEM images of Ga doped ZnO are shown in Figure 2.2. It shows that the particles have
two different sizes. The larger particles (sphere balls) are about 1-2 micron and the smaller particles
are about a few hundred nanometers. Both small and large sized particles show mesoporous
morphology. Most particles show a round cage-like morphology with various of pores distributed

on the surface of the ball.
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Figure 2.2 SEM images of mesoporous ZnO:Ga
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The powder is also examined with TEM to investigate its microstructure and pore
morphology. The powder is dispersed in acetone with 30min of mechanical stirring and 30min of
ultrasonication. The solution is then dropped onto a thin carbon coated copper TEM grid. Figure
2.3 show the microstructure images of ZnO:Ga powder. The color contrast in the images
demonstrates that the powder is not fully dense. ZnO:Ga particle consists of well dispersed pores

and the pore size is about 10-15 nm.

To precisely measure the pore sizes, BET is conducted to characterize the powders and
calculate the pore sizes. According to the BET results, pore size graph is obtained as in Figure

2.4. The main peak for the pores falls between 10-15 nm.

Finally, to confirm the successful doping of Ga during the synthesis process, EDX is
conducted to verity the existence of Ga element in the synthesized powders. Ga is detected
according Figure 2.5. Because of the close atomic size between Ga (187pm) and Zn (139pm), Ga

substitutes Zn during doping.
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Figure 2.3 TEM images of mesoporous ZnO:Ga
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Figure 2.4 BET result of mesoporous ZnO:Ga
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Figure 2.5 EDX result of mesoporous ZnO:Ga

2.3.2 Powder characterizations of Ag/Nb doped TiO>

The synthesized titanium dioxide powders were first examined with XRD to confirm their
phase compositions. The XRD patterns for both materials were shown in Figure 2.6 and Figure

2.7. Despite the dopant differences, the peaks for both materials corresponded to anatase titanium
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dioxide (PDF card #00-021-0272). The patterns not only proved that there are no byproducts

synthesized during the process but also showed that dopant did not change the crystal structure of

TiOo.

Anatase TiO2 (PDF#00-021-0272)
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Figure 2.6 XRD pattern for mesoporous TiO2:Ag

Anatase TiO, (PDF#00-021-0272)
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Figure 2.7 XRD pattern for mesoporous TiO2:Nb

SEM was first conducted to check the particle morphology and particle sizes. Figure 2.8

show the SEM images of synthesized TiO2:Ag particles. The particles are uniformly distributed

with mesoporous morphology.
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Figure 2.8 SEM images of TiO2:Ag
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In order to further investigate the mesoporous morphologies of TiO2:Ag and TiO2:Nb
particles, TEM was performed with the synthesized powders. Results from TEM are consistent
with SEM images. Figure 2.9 and Figure 2.10 both show the TEM images of the TiO2:Ag and
TiO2:Nb. Similar with mesoporous ZnO:Ga, as shown in the pictures, the contrast indicated the
particle was not solid, rather with pores evenly distributed on the surface of the powder. The bright

and dark places shown on the image correspond to pore and dense parts of the particle respectively.
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Figure 2.9 TEM images of mesoporous TiO2:Ag
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50nm

Figure 2.10 TEM images of mesoporous TiO2:Nb

In order to accurately estimate the pore sizes of the synthesized powders, BET tests with
nitrogen gas were conducted to measure the surface area and calculate the pore sizes based on
Barrett-Joyner-Halenda (BJH) adsorption and desorption of the pore’s calculation method.

According to BJH computational calculation, the pore size maximum value is about 9.9nm for Ag
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doped titania dioxide (shown in Figure 2.11) and 7nm for Nb doped titania dioxide (shown in

Figure 2.12).
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Figure 2.11 Pore size distribution of mesoporous TiO2:Ag based on BET results
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Figure 2.12 Pore size distribution of mesoporous TiO2:Nb based on BET results
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Dopants were added during the experiments to improve their electrical conductivity. To
confirm their existence, Energy-dispersive X-ray spectroscopy (EDX) was employed to analyze
the component elements. As arrows indicated in Figure 2.13 and Figure 2.14, Ag and Nb have

been found existing in each of the powders. The signals from EDX confirmed that the doping

process was successful.
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Figure 2.13 EDX for TiO2:Ag
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Figure 2.14 EDX for TiO2:Nb
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2.3.3 Powder characterizations of Sn doped In.O3

The XRD pattern in Figure 2.15 shows that the powder is comprised of cubic indium oxide.
The pattern shows all sharp peaks demonstrating the synthesized powder is highly crystal. Small
amount of Sn (4%) doping did not change the crystal structure of indium oxide. All peaks
correspond to cubic indium oxide (pdf card#00-066-0416). The XRD result also confirms that the

final powders contain successful Sn dopant.

Indium oxide (PDF#00-066-0416)
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Figure 2.15 XRD pattern for Sn doped 1n203

While it shows cubic indium oxide phase according to XRD pattern, EDX is performed to

further support the doping exitance. Figure 2.16 shows distinguishable strong Sn signal.
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Figure 2.16 EDX pattern for Sn doped In203

SEM images of synthesized In203:Sn is shown in Figure 2.17. It can be seen that they

have well organized mesoporous pore morphology.
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Figure 2.17 SEM images of mesoporous In.03:Sn

In order to better visualize the pores distribution and pore mophology on the particle, TEM
characterizations were also conducted. Synthesized KIT-6 was first investigated to confirm the
template mophology. Mesoporous silica has the advantage of large pore volume, uniform pore

distribution and structure, besides, it also shows good stability under hydrothermal reaction [293,
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294, 295]. KIT-6is a cubic la3d phase with 3-dimentional mophology mesoporous silica [113,
296]. The morphology of synthesized KIT-6 is analysed with TEM and the images are shown in
Figure 2.18. As illustrated in Figure 2.18, synthesized mesoporous silica shows highly ordered
mesoporous topology. It has good amount of pores distributed evenly on the particle while
maintain interconnective channels between pores. Since the method for producing mesoporous
In203:Sn is hard-template method with KIT-6 as template. The final morphologies of the pore
present well organized and highly ordered structures. The TEM images in Figure 2.19 clearly
show the mesoporous and well-ordered morphology of synthesized In,Os:Sn particles. A
successful 3D framework of mesoporous In.Oz intermediate has been obtained based on the TEM

images.
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Figure 2.18 TEM
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Figure 2.19 TEM images of Sn doped In203
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Same with the previous discussed materials, BET analysis was also conducted to
investigate the powder surface area and pore sizes. The isotherm graph of nitrogen adsorption—
desorption in Figure 2.20 indicates type IV isotherm [297, 298]. According to BJH computational
calculation method, the pore size distribution for mesoporous indium tin oxide is plotted in Figure

2.20. The pore-size maximum value is found to be around 15nm.
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Figure 2.20 Pore size distribution of mesoporous 1n203:Sn
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Chapter 3 Electrical conductivity of mesoporous ceramic suspensions
with pH variations

The electrical conductivities of all four ceramic suspensions with different powder volume
fractions and pH values are measured. Powders are dispersed in buffer solutions with three
different concentrations. To realize stable dispersion, they are dispersed in buffer solutions by

overnight magnetic stirring and 2h ultra sonication.

3.1 TEM images of TiO2:Ag, TiO2:Th, ZnO:Ga and In203:Sn particles after dispersing in
different pH solutions

To confirm that mesoporous materials keep their morphologies unchanged when dispersed
in different pH buffer solutions, TEM images were taken for each of the four materials after they
are placed in buffer solutions for overnight. Figure3.1 shows the TEM images of Ag doped TiO>
dispersed in different pH valued solutions. As shown from the images, TiO> is stable regardless

of dispersion solution pH changes. It remains mesoporous morphologies from pH3-pH9.
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Figure 3.1 TEM images of mesoporous TiO2:Ag dispersed in pH3-pH9 solutions

Zn0:Ga is also very stable with different buffer solutions. The mesoporous morphologies
remain not damaged in seven different solutions. TEM images of mesoporous ZnO:Ga dispersed

in different pH solutions are shown in Figure 3.2.
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Figure 3.2 TEM images of mesoporous ZnO:Ga dispersed in pH3-pH9 solutions

In203:Sn is a little bit unstable when dispersed in pH3 and pH9 solutions, the mesoporous
morphology gets little changed within these two extreme pH solutions. However, it remains stable
in other conditions. Overall, In.O3:Sn still remains mesoporous morphology in different buffer

solutions. The TEM images of In203:Sn in different pH solutions are shown below in Figure 3.3.
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Figure 3.3 TEM images of mesoporous In.O3:Sn dispersed in pH3-pH9 solutions
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3.2 Electrical conductivities of ceramic suspensions

3.2.1 stable suspension preparation

Three different powder volume fractions (0.125vol%, 0.25vol% and 1vol%) of ceramic
suspensions were prepared and their electrical conductivities as well as particle sizes were tested.
Powders were weighed precisely and mixed with buffer solutions. Powders were dispersed in
buffer solutions ranging from pH3 to pH9. Overnight magnetic stirring and 4 hours of strong
ultrasonication were applied to the suspension to guarantee good stability. Visual observation was
applied to check the nanofluids stability. No large sedimentation in the nanofluids was seen after

5h.

3.2.2 Electrical conductivities of suspensions

Electrical conductivities of Ag/Nb doped TiO- suspensions are drawn in Figure 3.4a and
Figure 3.4b. Total of seven different pH values were tested with three different powder volume
fractions including 0.125vol%, 0.25vol% and 1vol%. It shows different trend regarding pH
changes. For solutions at pH 3-6 (acidic solution), the electrical conductivity increases as
concentration increases, however, it behaves opposite in basic solution (pH 7-pH 9). Overall, the

electrical conductivity of basic suspension is higher than acidic suspension.
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Figure 3.4a, Electrical conductivities of mesoporous TiO2:Ag suspensions with different volume

fractions from pH3-pH9
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Figure 3.4b, Electrical conductivities of mesoporous TiO2:Nb suspensions with different volume

fractions from pH3-pH9

Figure 3.4 Electrical conductivities of TiO2:Ag/TiO2:Nb suspensions from pH 3-pH 9 at powder
volume fractions of 0.125vol%, 0.25 vol% and 1 vol%

Electrical conductivity results for Ga doped ZnO are shown in Figure 3.5. With
concentration increases from 0.125vol%, 0.25vol% to 1vol%, the electrical conductivity decreases
in both acidic and basic solutions. Similar as Ag/Nb doped TiO: solutions, electrical conductivities

of suspensions are higher when they are in basic conditions than acidic ones.
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Figure 3.5 Electrical conductivity of mesoporous ZnO:Ga suspensions from pH 3-pH 9 at
powder volume fractions of 0.125vol%, 0.25 vol% and 1 vol%

Figure 3.6 shows the electrical conductivity of Sn doped In203 nanofluids with different
pH values. Three different volume fractions (0.125vol%, 0.25vol% and 1vol%) were tested.

Despite changes in concentrations, the electrical conductivities remain almost the same.
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Figure 3.6 Electrical conductivity of mesoporous In203:Sn suspensions from pH 3-pH 9 at
powder volume fractions of 0.125vol%, 0.25 vol% and 1 vol%
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Chapter 4 Particle sizes analysis of four ceramic suspensions

While measuring their electrical conductivities, the particle size distributions of
suspensions are measured with DLS as well. Powders are dispersed in buffer solutions (pH3-pH9)
with three different concentrations (0.125vol%, 0.25vol% and 1vol%). Their particle sizes and

zeta potentials are measured using a DLS machine. Particle size distributions are shown as below.
4.1 DLS and particle sizes of Ag doped TiO>

Figure 4.1 and Figure 4.2 shows the DLS results for TiO2:Ag suspensions. Figure 4.1
represents the DLS results of TiO2:Ag with 0.125vo0l% volume fraction. Figure 4.2 represents the
DLS results of TiO2:Ag suspension with larger volume fractions. The specific particle sizes with
different volume fractions when dispersed in different pH buffer solutions are summarized in

Table 4.1.
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Figure 4.1 Particle size distributions of TiO2:Ag with 0.125vo0l% concentration in pH3-pH9

solutions
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Figure 4.2 DLS results for TiO2:Ag with 0.25vol% concentration in pH3-pH9
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Table 4.1 Particles size summary of 0.125vol% and 0.25vol% TiO2:Ag suspensions (particle

size: nm)
pH 3 4 5 6 7 8 9
PVF
0.125vol 950-970 100-140 100-120 70-80 1100-1600 | 900-1100 | 1100-1300
0.25vo0l% | 500-680 70-120 90-100 1000-2000 | 1400-2000 | 1300-1600 | 1300-1500
1vol% 250-350 50-70 45-55 1700-1900 | 1800-1900 | 1700-1860 | 1550-1610
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4.2 DLS and particle sizes of TiO2:Nb

Particles sizes of TiO2:Nb are also analyzed with DLS equipment. Specific results of the
particle size of different concentration suspensions are shown as below in Figure 4.3 and Figure

4.4 A summary table of particle sizes is also attached as Table 4.2.
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Figure 4.3 DLS results for TiO2:Nb with 0.125vol% concentration in pH3-pH9
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Figure 4.4 DLS results for TiO2:Nb with 0.25vol% concentration in pH3-pH9
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Table 4.2 Particles size summary of 0.125vol% and 0.25vol% TiO2:Nb suspensions (particle

size: nm)
pH 3 4 5 6 7 8 9
0.125vol% | 800-980 | 980-1100 | 330-800 | 800-1000 | 800-1100 | 1100-1300 | 1000-1300
0.25v01% 680-820 300-500 500-600 700-900 | 1300-1600 | 1300-1600 | 1200-1600
1vol% 400-600 200-300 310-490 640-760 | 1500-1700 | 1650-1750 | 1600-1960
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4.3 DLS and particle sizes of Ga doped ZnO

While measuring the electrical conductivities of ZnO:Ga suspensions. The particle sizes
of ZnO:Ga are also analyzed and compared with two different concentrations (0.125vol% and
0.25v01%). Results are summarized as below in Figure 4.5 and Figure 4.6. Figure 4.5 shows the
DLS measurements of 0.125vol% and Figure 4.6 shows the DLS measurements of 0.25vol%. A
summary of particle size in each buffer solution with different concentrations are shown in Table

4.3.
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Figure 4.5 DLS results for ZnO:Ga with 0.125vo0l% concentration in pH3-pH9
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Figure 4.6 DLS results for ZnO:Ga with 0.25vol% concentration in pH3-pH9
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Table 4.3 Particles size summary of ZnO:Ga suspensions (particle size: nm)

pH 3 4 5 6 7 8 9
0.125vol% 350-480 100-120 120-140 120-480 100-140 100-120 450-480
0.25vol% 140-240 80-120 60-100 85-100 170-240 150-170 350-400
1vol% 300-400 190-210 200-260 210-230 200-400 200-220 | 400-520

69




4.4 DLS and particle sizes of Sn doped 1n.O3

For In203:Sn, particle sizes are analyzed with DLS machine. Regardless of volume
fractions changes, the particle size stays the same. Particles sizes are plotted below as Figure 4.7
and specific particle numbers are summarized in Table 4.4. Figure 4.7 shows the DLS plots for

mesoporous In203:Sn with 0.125vol% concentration.
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Figure 4.7 DLS results for In203:Sn with 0.125v0l% concentration in pH3-pH9.
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Table 4.4 Particle size summary of In203:Sn suspensions (particle sizes: nm)

pH3 pH4 oH5 pH6 pH7 pH8 pH9
0.125vol% | 290-350 | 340-550 | 580-750 | 450-680 | 500-750 | 970-1200 | 970-1300
0.25vol% | 330 430 700 550 600 1100 1100
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Chapter 5 Discussions

Electrical conductivities of the suspensions at powder volume fractions of 0.125 vol.%,
0.25 vol.% and 1 vol.%, were measured at seven different pH values (pH 3 to 9) and illustrated in
Figure 5.1. The values for Ag- and Nb-doped TiO2 suspensions are shown in Figure 5.1(a) and
Figure 5.1(b), respectively, while the values for Ga-doped ZnO, and Sn-doped In203 are
illustrated in Figure 5.1(c) and Figure 5.1(d), respectively. Figure 5.1(d) illustrates the electrical
conductivity of the Sn-doped In2Os solutions. Differently from other materials, despite the
changes in powder volume fractions, the electrical conductivities of all Sn-doped In,O3
suspensions almost remained constant. This can be explained by the extremely low electrical
conductivity of mesoporous Sn-doped indium oxide (2.9 (Qscm)™) [299]. Due to this extremely
low electrical conductivity, the electrical conductivity of Sn-doped In2Os suspensions did not
change much even with increased powder volume fractions (see Figure 5.1(d)).

Based on previous investigations, these base mesoporous materials exhibited low to high
electrical conductivities with their corresponding dopants. Electrical conductivities of 2.9 (Qecm)
19.8 (Qecm)?, 40.0 (Qecm)? and 300.0 (Qecm)? were obtained for mesoporous Sn doped 1n,03
[299, 300] Ag doped TiO2 [301] Nb doped TiO2 [302] and Ga doped ZnO [303]. A systematic
study of these materials covering a range of electrical conductivities can give us a better insight of
the correlations and mechanism of their nanofluids electrical conductivity behaviors. Most of
previous research about electrical conductivities of nanofluids focused on changing powder
volume fractions [304, 305, 306, 278, 288], temperatures [278, 281, 305, 307, 308] and solvents
[277]. Figure 5.2 generalized previous investigations of electrical conductivities of nanofluids
when they were dispersed in aqueous solutions. Electrical conductivities of various materials

including metals and ceramics were measured when they were dispersed in aqueous solutions with
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different powder volume fractions. According to Figure 5.2, electrical conductivities are
increased with increased powder volume fractions and temperatures. However, we attempt to
study and explain the mechanism of nanofluids electrical conductivities with different suspension
pH values and correlate the electrical conductivity of the suspensions with particle sizes change
while powder volume fraction is increased. Detailed discussions are presented below.

The electrical conductivities for all four suspensions were found to be lower in acidic
solutions (i.e., lower pH) compared to those in basic ones (i.e., higher pH). The behavior of these
ceramic suspensions can be explained by considering surface charge and suspension stability. For
example, when TiO; is dispersed in aqueous solutions, it is well known that ions (H*, OH") are
attached to the surface of the TiO> particles [309]. By changing the pH of the solutions, the surface
charges are modified [310, 311, 312]. By studying the ion pair formations between the interface
interaction of titanium dioxide and various cations (Cs*, K*, Na*, Li*) and anions (CI, NO*, CIO*,
I") in aqueous solutions, it has been concluded that the surface of titanium dioxide has stronger
interactions with cations (acidic solutions) compared to anions (basic solutions) [313]. The weak
binding between cations and the surface of titanium dioxide leaves more free ions in basic solutions
compared to acidic solutions. This leads to higher electrical conductivity of TiO2:Ag/TiO2:Nb
suspensions when dispersed in basic solutions. Our results also agree with conclusions from
previous studies for titanium dioxide dispersed in pH 4 to 12 solutions [314]. Results from
Tkachenko’s study on titanium dioxide show an increasing trend of electrical conductivity from
pH 4 to 12 with a suspension concentration of 0.03 g/L. Zeta potential increases from pH 4 to 12,
which indicates better suspension stability. In addition, when titanium dioxide is dispersed in
water, the net charge at the interphase of particle/solution is also controlled by pH [310, 315].

Based on the colloidal stability theory [311], the pH value of the suspension can affect the repulsive
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and attractive potentials on the surface of the particle and thus affect the suspension stability. Other
supporting results from Bordi et al. [316] also show that the electrical conductivity of silver
suspension decreases with less suspension stability. In addition, when ZnO:Ga powders are
dispersed in aqueous solutions, hydroxide layers are formed at the surface of the particles (=Zn—
OH). Zinc hydroxide has low solubility in water, and its solubility and stability increase with
extremely high pH environments [317]. When dispersed in basic solutions, zinc oxide suspensions
have better stability compared with acidic ones based on the stability research of zinc oxide
suspension from Reichl [316]. Moreover, zeta-potential of indium oxide suspension increases with
higher pH values [318]. Zeta potential measures the potential between the surface of the particle
and the bulk solution and determines the stability of suspension, therefore its increase indicates
better suspension stability. Larger electrical conductivity and better suspension stability of zinc
oxide and indium oxide in basic solutions agree with our previous conclusion regarding titanium
dioxide. Our results agree with Chakraborty and Padhy [319], who demonstrated the increase of
electrical conductivity for stable colloidal suspensions containing nanoscale conductive particles
of alumina. By investigating the agglomeration-deagglomeration effects on the electrical
conductivity of a-alumina colloidal suspensions, researchers studied how the suspension stability
affect the electrical conductivity. In particular, for less stable suspensions, it was concluded that
small agglomeration of particles will reduce the electrophoretic mobility and dispersion of
particles in the system, thus the overall electrical conductivity of the suspension is reduced.
Another interesting phenomenon we have observed from Figure 3 is the different electrical
conductivity behavior for different concentration with these four materials. For example, in
Figure 5.1(a) and 5.1(b), electrical conductivity for 1vol.% volume fraction suspension has the

highest and lowest value at pH3 and pH9 respectively. However, this phenomenon has not been
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observed in other two materials. The difference between electrical conductivities at different
concentrations and pH values can be associated with the effects caused by particle size change,
which will be further elaborated below.

Another interesting insight is the correlation between different powder volume fraction,
particle size and suspension electrical conductivity. Particle sizes at the three different powder
volume fractions (0.125 vol.%, 0.25 vol.% and 1 vol.%) together with suspension electrical
conductivities are plotted in Figure 5.3, Figure 5.4, and Figure 5.5 for TiO2:Ag, TiO2:Nb, and
Zn0:Ga, respectively. Specifically, in Figures 5.3 and 5.4, for pH from 3 to 5, the electrical
conductivity of suspensions increases with corresponding increase in powder volume fraction. In
contrast, suspension electrical conductivity decreases between 0.125 vol.% and 1 vol.% powder
volume fractions with particle size increase for pH from 7 to 9. Despite this reverse relationship
between particle size and electrical conductivity for pH range from 7 to 9, the particle size of
Ti02:Ag/Nb shifts from decreasing to increasing with powder volume fraction increase for pH
from 5 to 7. Higher powder volume fractions usually lead to larger particle sizes due to likely
agglomeration of particles. However, the particle size of TiO2:Ag/Nb becomes smaller with
increasing powder volume fraction (0.125 vol.% to 1 vol.%) at acidic solutions (Figure 5.3).
Dispersion behavior of particles were investigated with alumina through electrostatic repulsion
force and electric potential [320]. It was concluded that smaller particle size can be obtained when
the electrostatic repulsion force between particles overcomes the attraction force. When dispersed
in acidic solutions, with stronger interaction with cations compared to anions [312], the surface of
TiO2:Ag/Nb can attract more oppositely charged ions to the particle surface and augment the
electrostatic repletion force. Larger electrostatic repletion force will lead to smaller particle sizes

when dispersed at pH3-pH5 suspensions within powder volume fractions of 0.125vol.%-1vol.%.
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In Figure 5.5 for ZnO:Ga suspensions, decreased particle sizes and increased electrical
conductivity were both observed with increased powder volume fractions. When dispersed in
aqueous solutions, by increasing powder concentration of ZnO:Ga within certain range, larger
electrostatic repulsion force and better dispersion of the particles are obtained. Therefore, smaller
particle size was observed with increasing powder volume fraction from pH 3 to 9. Usually for
ceramic or metallic suspensions, smaller particles have larger surface areas, providing higher
cumulative space for attachment of various ions from suspension which immediately increases
corresponding electrical conductivity of a suspension. For indium oxide, change in powder
volume fraction does not affect the final suspension electrical conductivity (Figure 5.1d) due to
the extremely low electrical conductivity of indium oxide [321].

Several previous studies show that the enhanced powder volume fractions can lead to
higher electrical conductivities of the corresponding suspensions [288, 322, 323]. However, our
results indicate that there is either increase or decrease of the overall electrical conductivities of
ceramic suspensions with increased powder volume fractions based on different pH values. For
our investigated materials, increased particle sizes correspond to decreasing electrical conductivity
and decreased particle sizes result in increasing electrical conductivity. While powder volume
fraction helps with the increase of electrical conductivity, the particle sizes were found to have

much more pronounced effect on the resultant electrical conductivity of suspensions.
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Figure 5.1 Electrical conductivities for different pH values and powder volume fractions for
TiO2:Ag (a), TiO2:Nb (b), ZnO:Ga (c), and In203:Sn (d)

Differently from previously discussed materials, electrical conductivity of Sn doped
indium oxide suspensions seems to be stable regardless powder volume fractions change (Figure
5.1(d)). This can be explained by the extremely low electrical conductivity of indium tin oxide

[324]. Tin doping can increase the electrical conductivity of indium oxide. the ionic radius of
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Figure 5.2 Electrical conductivities of nanofluids from previous investigations [277, 278, 281,
288, 304, 305, 306, 307, 322]

Sn** is smaller than the one of In®*, therefore it substitutes indium when it is doped during the
synthesis. Due to valence difference, Sn doping can provide one extra electron to the conduction
band. This one extra electron provides more carrier concentration and improves the electrical
conductivity. Even with this improved electrical conductivity for In,03:Sn, it is still much smaller
compared with the previously described materials. This extremely low electrical conductivity may
explain the unchanged electrical conductivity of the dilute suspensions for all the three volume
fractions examined (see Figure 5.1(d)). Also, because of this characteristic of indium tin oxide
we decided not to include this material into our further discussion regarding the influence of

particle sizes on the electrical conductivity.
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In summary, electrical conductivity of measured suspensions is higher in basic solutions
compared with acidic solutions. In addition, for acidic solutions of Ag/Nb doped titanium dioxide,
particle size and electrical conductivity are observed to be decreasing and increasing with powder
volume fraction increase. However, for basic solutions, particle size and electrical conductivity
are observed to be increasing and decreasing. For Ga doped zinc oxide, with increased powder
volume fractions, particle size and electrical conductivity are observed to be decreasing and
increasing both in basic and acidic solutions. Finally, there is no noticeable change of electrical
conductivity of indium tin oxide with powder volume fraction changes.

Chapter 5, in full, is currently being prepared for submission for publication of the material.
Shuang Qiao, Ekaterina Novitskaya, Flor Sanchez, Manuel Herrera Zaldivar, Rafael Vazquez-
Duhalt, and Olivia A. Graeve. The dissertation author was the primary investigator and author of

this material.
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Chapter 6 Theoretical model

Nomenclature

Op electrical conductivity of particles mSecm™

o electrical conductivity mSecm™

Oo electrical conductivity of pure buffer solution mSecm™

a ratio of electrical conductivity of particle to the
electrical conductivity of pure buffer solution

[0) powder volume fraction

oM electrical conductivities from the Maxwell mSecm™
model

oB electrical conductivities from the Brownian mSecm™
motion

OE electrical conductivities from electrophoresis mSecm™

n the number of particles in per unit volume

n the dynamic viscosity of the liquid m2es’t

€o dielectric constant of the vacuum Fem

&r relatively dielectric constant of the base fluid

p density of base fluid gecm™

v Kinetic viscosity of the base fluid m2est

Ao Avogadro’s number mol*

R gas constant JemolteK?

A viscosity index of the fluid

r radius of particle m

84




Go zeta potential \%
I ionic strength mol-kg™
Yo surface potential \
b slip length m

A comprehensive model to explain the mechanism of electrical conductivity of suspensions
with respect to corresponding powder volume fractions, particle sizes and solution pH was
proposed.

The effect of powder volume fraction on electrical conductivity of suspensions was first
evaluated by Maxwell [275]. This model describes the final electrical conductivity of the mixture
by separately considering the conductivities of continuous liquid and dispersed particles. The

results of the model can be expressed as Equation 6.1:

3(a-1)¢
Omazwen = Oo(1 + =250 (6.1)

where oyaxwen 18 the electrical conductivity of suspension, oo represents the electrical
conductivity of the base fluid, o represents the ratio between the conductivities of particle and base
fluid, and @ is the powder volume fraction. Calculations from Maxwell model together with the
experimental results on dependence of electrical conductivity on powder volume fraction from the
current study are plotted on Figures 6.1-Figure 6.4. The general trend obtained from Maxwell
model is consistent with our experimental results for all four materials, however the predictions
from Maxwell model were found to be smaller compared to the experimental measurements. It is
believed that Maxwell model does not consider the electrical conductivity enhancement

contributed from particle-fluid interaction as well as particle size effect [276, 280].
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vol% of powders for pH3-pH9 vs modeling data for TiO2:Ag

[
(9]

B
£ 20 i{ .7
= e
Z 15 ¥ P R ’ ---@- suspension stability
5 - Mo --e-- particle size
2 -7 7
g 10 ,‘:__ __- - @ — powder volume fraction
J— ”
g 2“*1-—-‘:” - @ - model|
3 5 e - ° ® experimental data
[N E] "’

*-——-- ! — *~-—--"

0 [ XTTTTTTRTT! TETPrrrre @orrrnnanan | TP, peerereenes @ ccvvennns > ]
3 5 7 9

Suspension pH

Figure 6.2 Experimental results for electrical conductivity of ceramic suspensions with 0.125
vol% of powders for pH3-pH9 vs modeling data for TiO2:Nb

86



=
[o.4]

H
]
\
\
AN

,E. rs
c 14
a /f’ -=-e
£ 12 7z
& ‘7 . .
= " Y ««+4@-++ suspension stability
= L Y --@-- particle size
Z 8 e _
o 7 — @ - powder volume fraction
S 6 & —~g© /7 - @ — model
= ¢ N 'y
= .
3 4 \\\ 7, . ® experimental data
. \ ey -
2 Ay 7 g
@----—®-=—_ < L Bt P o
O Lirtmmeees WPy STTTRTITIN @ e PO PSR ®
3 4 5 6 7 8 9

Suspension pH

Figure 6.3 Experimental results for electrical conductivity of ceramic suspensions with 0.125
vol% of powders for pH3-pH9 vs modeling data for ZnO:Ga

18

16 i &
— / el .
E 14 .
E ‘AT~
= 12 i ;7 7
> -7
2 j‘ _—— 7 ® experimental data
= 10 7/
3 ’ i -* =@+« suspension stability
-E 8 /' /.-
o & .7 --@-- particle size
(=] - - 7
.S 6 t :...- e - 7 — @ - powder volume fraction
= T - -
Q 4 — @ model
o

20 G eme—ee@e————" QP====== { ]

T —— o--"" ° °
0 ' ----------- [ RETTTITIILT [ TETTTT T @ ornnaaaan P PO Py
3 4 5 6 7 8 9
Suspension pH

Figure 6.4 Experimental results for electrical conductivity of ceramic suspensions with 0.125
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To consider these effects, a net charge formed at the surface of the particles for uniformly
dispersed solutions was proposed by [276]. This net charge will affect the distribution of ions on
the surface of the particles. The corresponding electrical conductivity of the solution will depend
on particle size (which will define the number and density of ions that are attached to the surface
of particle). Additional step proposed by Shen includes a consideration of static and dynamic
electrical conductivities of nanofluids; the predicted outcomes were verified on zinc oxide particles
dispersed in insulated oil. Since the liquid system used in this study was only limited to insulated
oil, it did not consider the influence from the suspension stability and pH change of the system.
Therefore, these results cannot completely explain our case of ceramic suspensions in water
solutions with different pH values. As a result, a theoretical model of electrical conductivity of
nanofluids which considers the effects of suspension pH was proposed in the current study.

We will be using the equation of Maxwell model (Equation 6.1) as the electrical
conductivity of powder volume fraction effect (opowaer vorume fraction)- We assume spherical
particles with a uniform radius of r. When particles are dispersed in solution, there will be
positively and negatively charged ions attached to the surface of each particle; these ions have
non-zero net electrical charge and electrons [325]. The relationship between electrical
conductivity of the particle and electron mobility can be expressed by Equation 6.2:

G =p*q (6.2)
where o is the electroconductivity of particles, q is electron charge, and p is electron mobility.
Based on Walden rule, which states that the product of the viscosity and the ionic conductance in

dilute electrolytic solutions remains constant [326], the electron mobility can be calculated as:

__4
6TIIrn

" (6.3)

where 7 is the dynamic viscosity of the liquid, and r is a radius of the particle.
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Summarizing Equations 6.2 and 6.3:

q2

o=
6TIrn

(6.4)

Based on Coulomb’s law, the cumulative charge at the surface of the particle can be expressed by:
q=4ne Tl (6.5)
where &g is the dielectric constant of the vacuum, & is the relatively dielectric constant of the base
fluid, and Uo represents the zeta potential of the nanofluid.

By substituting Equation 6.5 into Equation 6.4, the impact from the ions attached to the surface
of one spherical particle on electrical conductivity of suspension can be expressed as:

8mrngye2e3 U3
0=—""2" (6.6)
3N

The number of electrons per volume can be calculated by dividing powder volume fraction on the
volume of one particle:

o _ 3¢

nan ===
0 \% 4r3m

(6.7)

Summarizing all above, the electrical conductivity of nanofluid considering particle sizes effects
can be expressed by:

C_ 2¢eke3U3
Gpartlcle size — nr2

(6.8)

Both, radius of the particles and the zeta potential of nanofluid can be obtained from DLS
characterization.

In addition, pH of solution will influence the suspension stability by affecting both the
aggregation of particles, and concentration of ions on the surface of particles. The stability of
solution is reflected by the value of zeta potential. Zeta potential measures the potential between

the surface of the particle and bulk solution. Furthermore, the thin layer in between of particle and
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corresponding fluid is termed as electrical double layer (EDL); the thickness of this layer is defined
by Debye length (1/x) [327] and can be expressed by:

Kk = (32.87*108V)m™! (6.9)
where 1 is the concentration of ions in the solution and x is Debye screening wave vector.
According to [328], the relationship between ion concentration and electroconductivity of the
solution is shown by:

1=0.013%c (6.10)
A combination of Equations 6.9 and 6.19 will produce an expression for electrical conductivity
of suspensions considering its pH values:

KZ

0= 32.4%1016 (6.11)

The Debye length can be calculated based on the zeta potential of the system according to [329]:
Uy = ¥,(1+ bx) (6.12)
where Yo is the electrostatic surface potential and b is a slip-induced amplification factor [330].
By substituting Equation 13 into Equation 12, the electrical conductivity of suspension
considering its stability is expressed as:

_ (Uo_lpo)z 6.13
Osuspension stability — b2W,243.24%1017 (6.13)

Eventually, by combining the effects of powder volume fraction (see Eq. 6.1), particle sizes effect
(see Eqg. 6.8), and suspension stability effect (see Eq. 6.13), the final equation for electrical

conductivity of dilute suspension was obtained:

Oclectrical conductivity = Upowder volume fraction + Uparticle size + asuspension stability = Op (1 +

3(a-De¢ )+ 2¢e2ed U (Up—¥o)? (6.14)

(a+2)-(a-1)¢ nr? b2W,%%3.24%1017
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Calculated values based on Equation 6.14 were plotted and compared with our experimental
results for electrical conductivities of all four materials from the current study (see Figures 6.1-
Figure 6.4). All four materials are examined with 0.125 vol.% powder volume fraction since this
is the most dilute suspension we obtained in the experiments and both Maxwell and Shen’s models
are only applied to dilute suspensions. As seen on Figure 6.1 for TiO2:Ag suspension, there is no
linear relationship between electrical conductivity of suspension and powder volume fraction or
particle sizes. It also appears that particle sizes have more pronounced effect on the corresponding
electrical conductivities of suspension than powder volume fractions (see above discussions). The
disagreement between Maxwell model and experimental data has also been observed by other
researchers [276, 278]. Shen’s model considers the effect of particle sizes on the suspension
stability, however calculation from his model was also smaller than our experimental results (see
Figure 6.1-Figure 6.4). After incorporating the third part (suspension stability effect) into our
revised model, we obtain a good match with the experimental results. Figure 6.2-Figure 6.4
display the electrical conductivity curves of TiO2:Nb, ZnO:Ga and In,03:Sn with their
experimental data and results from all three models. Overall, the experimental results are in a good
agreement with theoretical predictions based on the proposed comprehensive model for dilute
suspensions with powder volume fraction of 0.125 vol.%.

The ultimate objective of the current project is to predict the electrical conductivity of
suspensions prepared with different types of base fluids. According to our revised model, the
final electrical conductivity of suspension is a function of powder volume fraction, particle size
and suspension stability (see Equation 6.14). The excessive effects from various parameters
(such as particle size, zeta potential, dynamic viscosity of fluid etc.) is one of the main obstacles

to accurately predict the electrical conductivity of nanofluids; the proposed model quantifies
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these aspects by comprehensive mathematical approach. Based on the proposed model, we
generate an equation to predict the electrical conductivity of a ceramic suspension with different
base fluids. Four curves for TiO2:Ag, TiO2:Nb, ZnO:Ga and In,03:Sn suspensions are given in
Figure 6.5-6.8; electrical conductivities of suspensions are plotted vs. electrical conductivities
of base fluid. As seen on Figure 6.5, similar behavior was noticed for all four materials: Almost
linear relationship between electrical conductivity of base fluid and electrical conductivity of the
corresponding suspension was obtained. An excellent correlation between electrical
conductivity curves (dash lines in Figure 6.5) and experimental data (solid dots in Figure 6.5)
provide the opportunity to accurately predict the electrical conductivity of any ceramic

nanofluids.

20

18 ;
rd

16 _ P

14 _ -

10 -&

(mS/cm
\

o N b O

Electrical conductivity of suspension

5 7 9 11 13 15 17

Electrical conductivity of base fluid (mS/cm)

Figure 6.5 Electrical conductivity of TiO2:Ag suspensions with respect to electrical conductivity
of base fluid vs modeling results
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Figure 6.6 Electrical conductivity of TiO2:Nb suspensions with respect to electrical conductivity
of base fluid vs modeling results
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Figure 6.7 Electrical conductivity of ZnO:Ga suspensions with respect to electrical conductivity
of base fluid vs modeling results
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Figure 6.8 Electrical conductivity of In.O3:Sn suspensions with respect to electrical conductivity
of base fluid vs modeling results

Results obtained from our revised model was compared with Maxwell model in Figure
6.9-Figure 6.12. The general trend obtained from the Maxwell model is consistent with our
experimental results for all four materials, however the predictions from Maxwell model were
found to be much smaller compared to the experimental measurements. It is believed that Maxwell
model only considers the effect from powder volume fractions. In our revised model, we
thoroughly consider the suspension stability effect together with powder volume fraction and
particle sizes. The stability of solution is reflected by the value of zeta potential which is measured

by DLS machine.

94



=17 -
S 4 “3
w15 /
E /
,.Z* 13 ,I = < ®
£ p
g1l 2 — & - Maxwell Model
E; ?’ / axwell Mode
S 9 ’ ' P
S Vo - ® - Revised Model
_‘?_‘? 7 e !’,’ ® Experimental data
g e -
L
3
3 4 5 6 7 8 9
Suspension pH

Figure 6.9 Experimental data points (black dots) and revised model results (red dash curves) vs.
Maxwell model (blue dash curves) for electrical conductivity of ceramic suspensions for
TiO2:Ag
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Figure 6.10 Experimental data points (black dots) and revised model results (red dash curves) vs.
Maxwell model (blue dash curves) for electrical conductivity of ceramic suspensions for
TiO2:Nb
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Figure 6.11 Experimental data points (black dots) and revised model results (red dash curves) vs.
Maxwell model (blue dash curves) for electrical conductivity of ceramic suspensions for ZnO:Ga
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Further look at Figure 6.1 reveals another unique behavior for ZnO:Ga suspensions: there
seems to be a dip for the electrical conductivity at pH6. This indicates that zinc oxide has the
smallest electrical conductivity at around pH6 (pH5-pH7). pH is an important parameter for
controlling the stability of suspension by affecting the particle interactions [331]. It was usually
found that pure zinc oxide nanoparticles have zero zeta potential (isoelectric point) between pH8-
pH10.3 [332, 333, 334]. Further research indicates that the isoelectric point (least suspension
stability) can greatly be decreased to pH6 by adding impurities, coating, or by changing the
suspension pH values [333]. These modifications can change the surface charge of zinc oxide and
further affect its isoelectric point. In our case, by doping zinc oxide with Ga and uniformly
disperse these nanoparticles in suspension with different pH values (pH3-9), the isoelectric point
of zinc oxide is also modified. ZnO:Ga suspension at pH6 is least stable and thus has the smallest
electrical conductivity compare to other pH values.

In summary, a theoretical model describing electrical conductivity of ceramic suspensions
considering effects of powder volume fraction, particles size and suspension stability was proposed
in this study. An excellent correlation between modelling predictions and experimental results
was verified for four different ceramic-based suspensions: Ag/Nb doped titanium dioxide, Ga
doped zinc oxide, and Sn doped indium oxide.

Chapter 6, in full, is currently being prepared for submission for publication of the material.
Shuang Qiao, Ekaterina Novitskaya, Flor Sanchez, Manuel Herrera Zaldivar, Rafael Vazquez-
Duhalt, and Olivia A. Graeve. The dissertation author was the primary investigator and author of

this material.
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Chapter 7. Conclusions

In this research project, we first synthesized four different kinds of mesoporous materials:
Ag and Nb doped TiO2, Ga doped ZnO and Sn doped In203 with wet-chemical method. Powders
were all characterized by XRD, TEM, and BET to confirm their crystal structure, morphology and
pore sizes, respectively. Synthesized mesoporous powders were later uniformly dispersed into
pH3-pH9 buffer solutions with different powder volume fractions through magnetic stirring and
ultrasonication. Electrical conductivity of the nanofluids were measured and particle sizes were
analyzed by DLS technique. Then we propose a revised model to predict the electrical
conductivity of diluted ceramic suspensions with these four materials. Based on the experimental
data obtained for the electrical conductivities of these four (Ag/Nb doped TiO», Ga doped ZnO,
and Sn doped In.O3) nanofluids, we generate a mathematical equation that incorporates three main
parameters affecting electrical conductivity of ceramic suspensions: powder volume fraction,
particle sizes and suspension stability. An equation as a function of powder volume fraction ¢,
electrical conductivity of base fluid oo, dynamic viscosity of suspension m, zeta potential (,
dielectric constant of solution & and electrostatic surface potential Wo was discussed and explained
in detail regarding the derivative and calculations. Specific derivations of each step are also shown
in the paper. The model has been confirmed successful with excellent correlation between the
results obtained from the modelling and experimental data. Our current proposed model quantifies
all the aspects that will contribute to the electrical conductivity of nanofluids by comprehensive
mathematical approach. Besides, the mechanisms of electrical conductivity of nanofluids were
also investigated. Particle size and electrical conductivity of the suspension shows reverse
relationship at the same pH value with concentration increases for all our examined materials. It

is concluded that the particle sizes have more pronounced effect on the electrical conductivities of
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corresponding suspensions compared to powders’ volume fractions. In addition, all four ceramic
suspensions tested in our study show higher electrical conductivity in basic solutions compared to

the acidic ones due to better suspensions stability in basic environment.

Chapter 7, in part, is currently being prepared for submission for publication of the material.
Shuang Qiao, Ekaterina Novitskaya, Flor Sanchez, Manuel Herrera Zaldivar, Rafael Vazquez-
Duhalt, and Olivia A. Graeve. The dissertation author was the primary investigator and author of

this material.
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Chapter 8 Recommendations for future work

Based on current progress, the following recommendations are suggested for future work

to help further address some issues related to electrical conductivity of mesoporous suspensions

as well as the electrical conductivity model we have developed:

Further study the pore size influences on the final electrical conductivity of stable
mesoporous ceramic suspensions. The current synthesized mesoporous materials have the
pore sizes between 7-10 nm. We can vary the pore sizes by changing the synthesis
conditions and investigate the influences on final suspension electrical conductivity caused
by the pore size change.

Expand the investigated materials to metals as well as carbon nanotubes. In our current
study, all four involved materials are ceramics (Ag/Nb doped TiO., Ga doped ZnO and Sn
doped In203), we can further expand the study to metals and carbons even graphene to get
a more systematic study of electrical conductivities of mesoporous suspensions.

Include the temperature influences on our developed electrical conductivity model. All the
experiments are conducted at room temperatures and our current model does not include
the impact of temperature changes. In the future work, temperatures influences should also

be investigated and considered as one important parameter in the model.
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