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Abstract 

 

MULTIFERROIC AND CORE-SHELL NANOSTRUCTURES -  

ADVANCES IN PREPARATIONS AND NOVEL PROPERTIES 

by  

I-WEI CHU  

 

Adviser: Professor Nan-Loh Yang  

This dissertation reports the research findings in two nanoscience areas: (i) facile 

methods for the preparation of multiferroic bismuth ferrites nanoparticles and the 

observation of room temperature magnetoelectric coupling and optically induced 

magnetic and electric orderings in BiFeO3 (BFO) thin film; (ii) preparation and 

characterization of core-shell nanomaterials based on conducting polymer as components 

for shell and core. Controlled cargo release from the core as well as from the shell surface 

was examined for nanospheres with conjugate polymer shell. An unusual enhanced 

electric polarization was observed for nanospheres with high-k strontium titanate (STO) 

nanocrystals embedded in conductive polyaniline (PANI) matrix. 

  Multiferroics represent a class of new materials having potential applications for 

design and preparation of multifunctional material due to the coupling of their coexisting 

electric and magnetic orderings. Previously, the syntheses of thin film multiferroic 

materials involve multi-steps in various high temperatures or specific demanding 

environment. We discovered that nanocrystal thin film and powder of multiferroic BFO 
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could be prepared using new facile procedures: spin-casting and autoclave methods. The 

room temperature magnetoelectric coupling in nanocrystal BFO was established using 

scanning probe microscopy, including magnetic force microscopy (MFM) and Kelvin 

probe force microscopy (KPFM). Magnetic and electrical orderings induced by 

irradiation 300 to 560 nm were observed. Thus, the “magnetic-electric-optic” coupling at 

room temperature was observed for the first time in BFO nanocrystal thin film.   

Core-shell nanospheres of conducting polymer poly(3, 4-ethylenedioxythiophene), 

PEDOT, with soft template (1-butyl-3-methyimidazolium hexafluorophosphate, 

bmimPF6) were prepared using interfacial polymerization on the shell surface of the 

micelle stabilized by surfactant (Triton X-100). The diameter of nanospheres was 

controlled by bmimPF6-to-surfacnt ratio. The release of cargo from the core and shell of 

the spheres was trigged by pH control and observed by photometric measurement. Aspect 

ratio and crystallinity of PEDOT shell increases in high pH value (above 10). In addition, 

the interaction of electronic polarization with atomic polarization was studied for core-

shell nanosphere of PANI matrix with STO nanoparticles embedded. This nanosystem 

represents the first encapsulated nanospheres with extensive interfacial interaction within 

the core due to atomic polarizable isolated nano-domains embedded in an electronic 

polarizable continuous matrix. 
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Chapter 1 Introduction  

The development of nanoscience in the past decades has led to a revolution in our 

understanding of fundamentals as well as potential applications based on materials in 

nanoscale.1 The widespread interest in nanomaterials mainly originates from their 

unusual properties in areas including optical, electrical, mechanical and chemical 

performance. Currently, these materials include many formations such as nanospheres, 

nanotube/fiber, nanocomposite, and core-shell nanostructure; their classifications include 

metal, inorganic, organic/inorganic hybrid, semiconductor, biomaterial, and polymer. 

Two types of nanomaterials, inorganic and polymer, were investigated in this dissertation 

work. Inorganic multiferroic nanomaterials show both magnetic and electric ordering in 

same phase, serving as fundamental elements for novel devices. Polymers provide a 

various advantages including their tunable functionalities. Among a wide range of 

polymers, conducting polymers can provide electronic conductive building blocks 

adaptable to a wide spectrum of applications. Multiferroics2-5 have properties of both 

electric and magnetic orderings. The understanding of fundamental physics of electric 

polarization by electric field has led to advancement in applications such as transducers, 

actuator, capacitors, and high density data storage. In recent years, nanomagnets have 

contributed to the dramatic increase in data storage density. A limited number of 

multiferroics systems can show magnetoelectric coupling, the control of magnetic 

ordering by electric field and vice verse. This coupling of the two fundamental fields 

could lead to new generations of memory devices involving processes such as electric 

encodings for magnetic reading, i.e. multiple state memory elements with four possible 
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states from combination of magnetic and electric polarizations, M and P (Figure 1.1).6 

Recent articles reported that decrease in size to nanoscale may give rise to higher 

magnetization.7-9 Among the multiferroics, bismuth ferrites, BiFeO3 is the only materials 

shown to possess both magnetic and electric orderings. In Chapter 2, we report our 

discovery: the room temperature magnetoelectric coupling in BFO nanocrystal thin film. 

New facile approaches for the preparation of bismuth ferrite are also described.  

 

Figure 1.1 The four possible states formed by electric polarization P and 
magnetization M of multiferroic order.  (a) (+P, +M), (b) (+P, –M), (c) (–P, +M), and 
(d) (–P, –M). (From Ref. 6)  

 

In addition to inorganic nanocrystsals, we investigated nanostructures based on 

conducting polymer. The electronic conductivity in polyacetylene was first discovered in 

1977.10 Since 2000 Nobel Prize in Chemistry awarded for discovery of organic 
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conducting polymers, momentous progress has been made over 25 years in this field.11 

Recently, nanostructures12 (i.e. nano-spheres, -rods, -tubes, -wires, and -fibers) of 

conducting polymers have gained growing interest, because the combination of 

characteristic of conducting polymer with nanoscale size creates many potentially 

breakthrough in applications, including sensors, data storage, supercapacitor, 

electrochromic device, and field mission display.13 Core-shell composites represent a 

significant family of nanostructures. The characteristics of the material of the shell 

generally diverge from that of the core. The shell can enhance thermal and chemical 

stability of nanoparticles, improve solubility, render them less cytotoxic, and allow 

attachment of conjugates. The conducting polymer shell can be biological compatible and 

serve to control the features of the nanosphere. Two types of core-shell nanospheres from 

conducting polymers are reported in Chapter 3. First, a nanosphere with conducting 

polymer (poly(3, 4-ethylenedioxythiophene) as the shell and a room-temperature ionic 

liquid (RTIL, bmimPF6) as the core was prepared. This core-shell sphere was 

demonstrated to serve as an efficient vehicle for controlled release. The RTIL core is 

nonvolatile, thermally stable and with tunable solvation properties and PEDOT shell 

controls the volume change leading to cargo release either from the core or from the shell 

surface. The second type of core-shell nanospheres consists of doped polyaniline (PANI) 

insulating shell with core of high-k material strontium titanate embedded in conducting 

PANI matrix. This novel structure combines atomic and electronic polarizations in one 

element of nanometer scale and exhibits synergistic electronic properties.  
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Chapter 2 Advancement in Methods for the Preparation of 

Multiferroic, Bismuth Ferrites, Nanoparticles and the 

Observation of BiFeO3 Room Temperature Magnetoelectric 

Coupling 

2.1 Introduction 

Multiferroic1-3 materials have recently gained considerable importance both 

technologically and scientifically4-7 because of the existence of two or more of the 

properties of ferroelectric, ferromagnetic (or antiferromagnetic) and ferroelastic orderings 

in the same sample phase, with possible couplings of  their order parameters (spin and 

charge) (in Figure 2.1).4-7 Multiferroics are promising materials for design and synthesis 

of multifunctional material due to the potential applications of magnetic and electric 

switching. Incorporating the observed optical responses8-12 multiferroics can lead to 

device applications exploiting all three of electric, magnetic, and optic responses.13-16 As 

a consequence, multiferroics has been the subject of recent extensive investigation.17-19 

However, there are indeed few existing multiferroic materials  (Figure 2.2).4  

Optical properties of multiferroics have been known for many years.20-22 Optical 

magnetoelectric effect21, 23-28 is among the most important properties. It is defined as the 

phenomenon of the change of refractive index or absorption coefficient upon the reversal 

of light propagation direction relative to magnetic field, electric field applied or pre-

exiting.10 Few reports on optical properties for multiferroic have been published, 
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although they are expected to manifest themselves due to the inherent magnetic and 

electric nature of light.9, 11, 20, 24, 26, 29-33 However, the interaction among optic and 

magnetic and electric orderings is still not well-developed. A recent article showed the 

possible novel optical application of BiFeO3 (BFO) films.29 This article showed that the 

visible-light photovoltaic effect on BFO diode led to the understanding of charge 

conduction mechanisms in leaky ferroelectrics and the advance in the design of 

switchable devices combining all three functionalities. Among the many multiferroics, 

BFO has attracted considerable attention. It is known to be the only material that displays 

multiferroism at room temperature (Table 2.1)34-37 with its ferroelectric Curie temperature 

Tc of 1103 K and antiferromagnetic Néel temperature TN of 643 K.  

 

 

Figure 2.1 Time-reversal and spatial-inversion symmetry in ferroics. (a) 
Ferromagnets. The local magnetic moment m may be represented classically by a charge 
that dynamically traces an orbit, as indicated by the arrowheads. A spatial inversion 
produces no change, but time reversal switches the orbit and thus m. (b) Ferroelectrics. 
The local dipole moment p may be represented by a positive point charge that lies 
asymmetrically within a crystallographic unit cell that has no net charge. There is no net 
time dependence, but spatial inversion reverses P. (c) Multiferroics that are both 
ferromagnetic and ferroelectric possess either symmetry. (From Ref. 4)  
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Figure 2.2 The relationship between multiferroic and magnetoelectric materials. The 
intersection (red hatching) represents materials that are multiferroic. Magnetoelectric 
coupling (blue hatching) is an independent phenomenon that can, but need not, arise in 
any of the materials that are both magnetically and electrically polarizable. (From Ref. 4)  

 

 
Table 2.1 List of The Neel (TN) temperature and Curie temperature (TC) for well-known 
multiferroics. BiFeO3 is only material that displays multiferroism at room temperature. 34-

38 
Multiferroics TN TC 

BiFeO3
34 ~643 K ~1103 K 

Bi2Fe4O9
38 ~260 K P-E loop ~ 250 K 

RMnO3
34 

(R=Ho-Lu, Y) 
~100 K ~1000 K 

DyMnO3
35 ~40 K 17.5 K 

Ni3V2O8
36 ~9.8 K 4.28 

RMnO3
37 

(R=Tb, La) 
~41 K ~28 K 



7 
 

The structure of BFO is characterized by distorted perovskite structure connected 

along their body diagonal along one of the pseudocubic (111) axes (Figure 2.3a). The 

ferroelectric state is a large displacement of the Bi ions relative to the FeO6 octahedral. 

The ferroelectric polarization in BFO, therefore, can have eight possible directions 

corresponding to positive and negative orientation along the four cube diagonals (111), 

changed by ferroelectric 180º (Figure 2.3b) and ferroelastic switchings 71º and 109º 

(Figure 2.3c, d). The Fe magnetic moments are aligned ferromagnetically within 

pseudocubic (111) planes and antiferromagnetically between adjacent (111) planes. The 

preferred orientation of the antiferromagnetically aligned spins is in the (111) plane 

perpendicular to the ferroelectric polarization direction. The antiferromagnetism is 

coupled to the ferroelectric polarization.39, 40 In fact BFO shows, at room temperature, a 

weak ferromagnetism due to the residual moment from canted spin structure.41, 42 Thus, 

BFO is currently considered to be the one of the most promising candidate for new 

breakthrough in device applications based on the coupling between ferroelectric and 

ferromagnetic orders at ambient conditions.  

Most of multiferroics have been prepared in bulk form (such as crystal, ceramic or 

powder) and thin film. However, for BFO bulk samples, single perovskite phase is hard 

to obtain and their leakage problems lead to low resistivity, presumably due to defect and 

nonstoichiometry related issues, leading to difficulty in the observation of intrinsic 

saturated ferroelectric hysteresis loop.43-46 Recently, high-quality thin film growth 

techniques have opened the door to the possibility of devices based on magnetoelectric 

coupling.47 Thin film growth has been achieved through processes involving multi-steps 

at various high temperatures, specific environment and sophisticated instrument. These 
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previously established methods3 include: pulsed laser deposition (PLD),48 liquid-phase 

epitaxy,39, 49 sol-gel methodology,45, 50 and chemical solution deposition.51, 52  Our 

methodology involved much less demanding procedure (see below). 

 
Figure 2.3 Schematic diagram of (001)-oriented BiFeO3 crystal structure and the 
ferroelectric polarization (bold arrows) and antiferromagnetic plane (shaded 
planes). (a) Polarization with an up out-of-plane component before electrical poling. (b) 
180º polarization switching mechanism with the out-of-plane component switched down 
by an external electrical field. The antiferromagnetic plane does not change with the 180◦ 
ferroelectric polarization switching. 109º (c) and 71º (d) polarization switching 
mechanisms, with the out-of-plane component switched down by an external electrical 
field. The antiferromagnetic plane changes from the orange plane to the green and blue 
planes on 109ºand 71º polarization switching respectively. (From Ref. 40)  

 

Furthermore, the size of material plays an important role in physical property 

control.46, 50 The Néel temperature TN of BFO has been shown to decrease with 

decreasing particle size.46, 53 The magnetic properties of BFO have also been reported to 
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enhance in small particle due to surface-induced magnetization.46, 50, 54 The synthetic 

technique and process are critical to nanostructures. In addition, some other bismuth 

ferrites are also important functional material, such as Bi2Fe4O9, a good catalyst for 

ammonia oxidation to NO. A recent article indicated that ferroelectric property could be 

observed at nanosize Bi2Fe4O9 near room temperature.38 

In this thesis work, three approaches for the synthesis of bismuth ferrite nanometer-

sized single particles were investigated. Well-define BFO nanoparticles thin film was 

obtained by spin casting followed by heating at 600 ºC. Autoclave method yielded 

nanocrystal powders of different ferrites at two temperatures only 20 ºC apart: BFO (185 

ºC) and Bi2Fe4O9 (165 ºC). Bismuth ferrite non-crystalline powder was obtained by 

microemulsion method. Structure and elemental composition (Bi/Fe) of nanocrystals 

were performed by X-ray diffraction (XRD), and X-ray electron dispersive spectroscopy 

(EDS). The magnetic force microscope (MFM) and Kelvin probe force microscopy 

(KPFM) were applied to characterize magnetic and electric orderings. The morphology 

studies were performed using scanning electron microscopy (SEM) for crystal BFO thin 

film and transmission electron microscopy (TEM) for powders of BFO and Bi2Fe4O9. 

Not only electric and magnetic orderings of thin film BFO but also their coupling was 

observed at room temperature using MFM and KPFM. In addition, the two AFM 

methods established our discovery of optical induced magnetic and electric orderings in 

BFO. 
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2.2 Experimentals  

2.2.1 Spin-casting synthesis  

All reagents for synthesis were purchased from Sigma-Aldrich and used without 

further purification. Bismuth(III) nitrate pentahydrate (11.26 mmol) and iron(III) nitrate 

nonahydrate (11.26 mmol) were dissolved in ethylene glycol (1.614 mol) at room 

temperature to form the precursor solution and a drop of the solution (0.125 M in Bi and 

Fe) was spin casted on clean silicon wafers of similar area size at spin rates of 300 rpm, 

500 rpm, 1000 rpm, 2000 rpm, and 3000 rpm. The wafer was washed three times with 

pure methanol before use. The thin film was then allowed to stand in a clean environment 

for an hour and then heated at 600 °C in a tube furnace for 1 hour, followed by two cycles 

of washing with HCl (0.1 M) and distilled water to remove impurity. The thin films made 

at 2000 rpm were of the best quality and was heated in various temperatures from 600 °C 

to 800 °C by a step of 50 °C for XRD observation. The precursor solution was also casted 

on Au surface deposited on silicon wafer as well as quartz plate with Au contacts 

(0.5×0.5 square), followed by sintering at 600 °C for the observation of electric, magnetic 

and optical  effects. 

2.2.2 Autoclave synthesis 

Sodium hydroxide (1.088 g) and hydrogen peroxide (0.1 g) was dissolved in 6.16 g 

water (pH>13) as aqueous solution. The aqueous solution was then added in 60 g 

precursor solution (as made in spin-casting synthesis) with 2 g surfactant (triton x-100, 

Tx-100). The mixture solution was transferred to an autoclave for reaction at either 165 

or 185 °C for 24 hours. After reaction, the product was purified using three cycles of 

centrifugation and re-suspension followed by drying in an oven at 70 °C. 
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2.2.3 Microemulsion synthesis 

 Sodium hydroxide (0.45 g) and hydrogen peroxide (0.1 g) was dissolved in 5 g 

water (pH>13) as aqueous phase, and then the aqueous solution was added in 10 g oil 

solution (5g cyclohexane and 5 g n-butanol) with 5g Tx-100 as “emulsion I”. “Emulsion 

II” was made by adding 20 g precursor solution in 100 g oil solution (50 g cyclohexane 

and 50 g n-butanol) with 50g Tx-100. Then, “emulsion I” reacting with “emulsion II” at 

80 °C for 3 hours gave bismuth ferrite. The product was purified using centrifuge re-

suspended three times followed by drying in oven at 70 °C. 

2.2.4 Characterizations by TEM, SEM/EDS, X-ray diffraction, dielectric dispersion, 

AFM, MFM, KPFM, optic-MFM and -KPFM 

Samples for scanning electron microscopy and X-ray energy dispersive 

spectroscopy (SEM and EDS, LEO 982) were prepared by spin casting on clean silicon 

wafers using a spinner (photo-resist spinner, EC101DT-R485, Headway Research Inc.). 

Silicon wafers as substrate for microscopy observation were washed several times with 

pure methanol before use. The precursor film was allowed to settle for a few hours before 

heating to form BFO film. For transmission electron microscopy (TEM) samples, a drop 

of the BFO suspension was dried on carbon-coated copper grids at room temperature. A 

JEOL 1200 EX microscopy at an acceleration voltage of 80 kV was employed. X-ray 

Diffraction (XRD) studies were conducted on a Philips PW3040 X-Ray diffractometer 

with CuKa radiation (k = 1.5406 Å) operated at 40 kV and 60 mA in the 2θ range of 20–

70° with a step size of 0.03°. The dielectric constant was obtained on a dielectric 

spectrometer (Novocontrol BDS 80 high-resolution broadband) at frequencies from 1µHz 

to 10 MHz, bias voltage of 1 V DC at room temperature. Sample cell size is 2.06 mm 



12 
 

height with 18.05 mm diameter. Atomic force microscope (AFM), magnetic force 

microscope (MFM) and Kelvin probe force microscopy (KPFM) studies were conducted 

on a MFP-3D microscopy (Asylum Research). For mapping MFM images, noncontact-

mode silicon cantilevers MFMR-10 from NanoSensors/Asylum Research were used. 

Because the orientation of magnetization of the Co coated tip of cantilever is random, 

before starting the MFM measurement we conducted re-magnetization using a permanent 

magnet brought close to the tip for 10 seconds at a few mm distance. For studying KPFM, 

tapping-mode silicon cantilevers fitted with a Pt coated tip (AC240TM-10 from Olympus) 

having a spring constant ~2 N/m and resonance frequency ~70 kHz was used. DC bias 

was applied on the gold surface to induce polarization during surface potential mapping. 

For optic-MFM and -KPFM, a beam from a light source (BlueWave 200 UV, DYMAX) 

was focused on the BFO film from the under of the sample stage, delivering irradiation 

with a range of wavelength of 300 to 560 nm (Figure 2.4, cyan spectrum). 

 

Figure 2.4 Output spectrum of light source. (From operations manual, BlueWave 200 
UV, DYMAX).  
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In our AFM studies, tapping mode was employed. There are three primary mode 

of operation for an AFM, contact, non-contact, and tapping modes. In contact mode, or 

repulsive mode, the tip drags across the surface of sample and the image is obtained from 

the deflection of cantilever. However, the attractive forces is quite strong between tip and 

surface of the sample, causing the tip and sample damage. In non-contact mode, the tip is 

not in contact of the surface of sample. The cantilever is oscillated at resonance 

frequency, or harmonics due to van der Waals Force. Because the force between tip and 

sample in this mode is very weak, the measurement is more difficult than in the contact 

mode. In addition, the cantilever for non-contact mode must be stiffer because soft 

cantilever could be pulled into contact with the surface of sample. Both factors, small 

force and stiff cantilever, make the non-contact AFM signal weak. Thus, tapping mode 

AFM was developed decades ago to overcome the major problems from non-contact 

mode.55 Tapping mode keeps the probe tip close enough to sample for short-range forces 

(van der Waals force) to render the signal detectable. Therefore, the tapping mode AFM 

was selected in this work to observe morphology of nanomaterials. 

Magnetic and electric orderings were observed using MFM and KPFM. MFM can 

be used to establish the magnetic field gradient distribution over the surface and KPFM, 

the electric surface potential.56 These two technique have been developed to reach 

subnano-scale  resolution57 for long range interaction involving magnetic forces58 and 

electric force.59, 60 The MFM and KPFM were performed with dynamic mode. In this 

mode, the first trace is a standard AFM trace that maps the topography of sample by 

gently tapping the tip along the surface, and the second scan retraces the topographic 

feature at constant height above the surface where a long range force is measured. By 
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using this technique, the image mapping the long range force could be generated in 

conjunction with topography. 

The MFM was used to image the magnetic orderings of the multiferroic materials 

with high resolution and sensitivity. For the observation of the nanometer scale magnetic 

property of the bismuth ferrite, the MFM measurements with a magnetic tip were 

performed using the dynamic mode to give a phase image. The sample was scanned and 

the changes in the magnetic interaction of the tip with the sample affect the resonance 

frequency shifts of the cantilever, leading to a contrast in the phase detection. In this 

experiment, a repulsive interaction between tip and sample is represented by bright 

contrast and an attractive interaction by dark contrast in the resulting image.  

Kelvin probe force microscopy (KPFM)45, 61-63 has been used to map electric 

polarization of nanosystems. In this dissertation, KPFM was employed as a tool to 

demonstrate the polarization in multiferroics and core-shell conducting polymer 

nanospheres. KPFM is a scanning probe technique, capable of mapping the local surface 

potential with spatial resolution in nanometer range. An AC bias applied to the tip creates 

a potential difference between the tip and the sample, leading to an electric force on the 

cantilever. The cantilever begins to vibrate if there is a potential difference between the 

AC voltage on the cantilever and the DC field on the surface (surface potential, SP, or 

work function). The system then adjusts the AC feedback voltage to minimize tip 

vibration, and the potential at the tip represents the local surface potential of the sample. 

The SP image is collected as the AC voltage applied to the scanning tip is recorded.   
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2.3 Discussions and Results 

2.3.1 Spin-casting synthesis  

2.3.1.a Crystallographic structure and Morphology studies  

Bi(NO3)3·5H2O and Fe(NO3)3·9H2O in a 1:1 molar ratio dissolved in ethylene glycol 

serves as the precursor solution. The thin film of nanometer-sized BiFeO3 (BFO) was 

obtained by spin-casting (2000 rpm) of precursor solution followed by heating at 600 °C 

to 800 °C by a step of 50 °C to ascertain the influence of temperature. XRD diffraction 

patterns of BFO thin film from heating at 600 °C and washed by HCl (Figure 2.5a) shows 

a crystal structure of rhombohedrally distorted perovskite (JCPDS No. 86-1518). 

Secondary phases bismuth ferrites were observed (Figure 2.5b) for the BFO thin film 

from 600 °C without purification. Further increase in the heat treatment temperature 

above 650 °C leads to the appearance of nonperovskite phases as Bi2Fe4O9 (Figure 2.5c-

f), an iron rich phase. This phase is especially prominent in the films heated at high 

temperature, suggesting loss of bismuth from the samples.51 The XRD results suggest that 

pure crystal BFO formation is favored when thin film is heated at 600 °C, and show 0.1 

M HCl as an efficient agent to remove the secondary phases. Elemental analysis using X-

ray Energy Dispersive spectroscopy (Figure 2.6 and Table 2.2) shows an equal elemental 

ratio of Bi-to-Fe, supporting the XRD result. Furthermore, morphology, physical 

properties, and room temperature magnetoeletric coupling in this multiferroic thin film 

were demonstrated through SEM, AFM, MFM, and KPFM investigation. 

The morphologies of the BFO thin films with different spinning rates were 

monitored using SEM (Figure 2.7 and 2.8). The SEM images results show that the 

morphology of thin film samples strongly depends on the spinning speed. The image of 
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BFO film from 300 rpm shows bubbles and rough surface (Figure 2.7a). This is due to 

slow solvent evaporation of low spinning rate. For the thin film formed from 500 rpm, 

the image (Figure 2.7b) shows surface cracking.  Bubbles evaporate from the thin film 

and remain visible on the surface of 1000 rpm thin film (Figure 2.7c). Particles with 200 

nm average diameter, and uniform and smooth thin film (2000 rpm) were obtained 

(Figure 2.8). When the spinning rate is increased to 3000 rpm, the surface becomes 

rougher as seen in SEM (Figure 2.7d). We, also observed precursor solution spun out of 

silicon wafer during spin casting in 3000 rpm. Thus, SEM images establish a spinning 

rate of 2000 rpm (Figure 2.8) as the optimum condition. According to SEM results, the 

sample of BFO multiferroic thin film from 2000 rpm was used as typical sample for 

characterization of magnetic, electric, and coupling induced by electric, magnetic field 

and irradiation  
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Figure 2.5 Effect of heating temperature on crystals. X-ray diffraction patterns of 
BiFeO3

 nanocrystal thin film prepared by spin-casting (2000rpm) of a precursor solution 
(Bi(NO3)3·5H2O/Fe(NO3)3·9H2O/2(C2H2(OH)2)) followed by heating at different 
temperatures. (a) Heating at 600 °C washing by HCl (0.1M); (b) heating at 600 °C; (c) 
heating at 650 °C; (d) heating at 700 °C; (e) heating at 750 °C; (f) heating at 800 °C. (*- 
bismuth ferrites other than BFO) 
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Figure 2.6 X-ray Energy Dispersive spectroscopy (EDS) spectrum for BiFeO3 thin 
film made by spin-casting (2000 rpm) heating at 600 °C and washing by HCl. The 
quantitative result shows a Bi/Fe ratio of 1, supporting the theoretical atomic ratio of 1. 

 

Table 2.2 EDS quantitative results show a Bi/Fe ratio of 1 of spin-casting thin film (2000 
rpm) in agreement wiht theoretical atomic ratio. 

 

 

Element Weight% Atomic%  

C  1.70 3.19 

O  46.72 65.64 

Al  0.07 0.06 

Si  35.48 28.40 

Fe  3.37 1.36 

Bi  12.66 1.36 

Totals 100.00  
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Figure 2.7 SEM images of BFO thin film of nanocrystal in different spin-casting rate. 
(a) 300 rpm; (b) 500 rpm; (c) 1000 rpm; (d) 3000 rpm. 

 

 

Figure 2.8 SEM image of BFO thin film of nanocrystal. (a) with scale bar 1 µm. (b) 
magnified image of (a) with scale bar 200 nm. The images show the particles average 
diameter of 200 nm. 
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2.3.1.b Magnetic ordering induced by magnetic field   

  The morphology of the BFO thin film from 2000 rpm was also established 

using AFM (Figure 2.9a). Both SEM (Figure 2.8) and AFM (Figure 2.9a) results show 

film with dense uniform nanoparticles (average 200 nm diameter and 45 nm height). 

For magnetic properties, MFM was used to image the magnetic orderings of the BFO 

thin film. The MFM image of BFO film (Figure 2.9b) is depicted by a bright and dark 

contrast over the surface at a constant tip height of 82 nm (∆Z=82 nm). The MFM tip 

(300 Oe) was magnetized to the Z direction (perpendicular to the plane of the sample) 

prior to the measurement. The phase image (Fig. 2.9b), clearly indicates magnetic 

ordering with significant number of magnetic domains showing both magnetic 

polarities on the plane, i.e. white and dark regions (see insert). The featureless 

electrostatic force microscopy (EFM) image (Figure 2.10) from the BFO thin film 

was obtained with a metallic tip replacing the magnetic tip operating with a delta 

height of 50 nm. Tip for MFM without initial magnetization also resulted in 

featureless MFM image. These images indicate that electrostatic modulation and van 

der Waals force did not play a significant role in the MFM measurement. 
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Figure 2.9 AFM (a) MFM (b) image of BFO thin film as prepared. (a) Topological 
AFM images of bismuth ferrite nanostructures with average height 45 nm. Scan area: 4 × 
4 µm. (b) MFM image (4 × 4 µm) of the same region as in (b). The insert image is the 
marked particle enlarged 4 times.  
 
 

 
Figure 2.10 EFM image of the BFO thin film without bias voltage and using a delta 
height of 50 nm. 
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2.3.1.c Electric ordering induced by electric field 

The KPFM was performed to observe polarization switching properties of the BFO 

film with a delta height ∆Z=50 nm (the distance between the tip and the sample surface). 

The polarization was induced and recorded by KPFM to verify the electric orderings of 

BFO thin film. Figure 2.11 shows in (a) topographical surface of BFO film having an 

average height of 45 nm whereas (b, c, d) are the same area imaged by applying various 

DC bias (-1V, +1V, and +2V) on the surface to induce electric polarization and show 

potential features corresponding to particles with induced dipole. In order to remove the 

already existing surface charge and to observe the polarization, an AFM scan with zero 

bias was performed on the same region using a contact mode with a grounded tip.64 We, 

then, applied DC bias at different levels, -1, +1 and +2 V, from the substrate to induce the 

polarization. The surface potential image (Figure 2.11b) at -1 V DC bias shows clearly 

that negative (~ -10 mV) and positive (~ 10 mV) polarization on the surface of BFO thin 

film. After changing the DC bias from -1 V to the opposite direction of +1 V on the 

surface of BFO thin film, the polarization of BFO thin film diminished to about 0 (Figure 

2.11c). When a higher positive bias of +2V DC was applied, a nearly inverted image was 

observed (Figure 2.11d vs. Figure 2.11b), indicating clearly that the polarization direction 

of the ferroelectric domains was reversed by the external electrical field. It was also 

observed that the electric polarization maintained for at least 19 hours with only a 

moderate decrease after the electrical field was withdrawn.  
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Figure 2.11 Surface potential (SP) KPFM maps of BFO thin film. AFM topography 
(brown) and surface potential (SP) maps (gray). Scan area: 3.5 × 3.5 µm. These maps are 
from continual scanning in the same area with 10 min required for each scan. (a) 
Topological AFM image of BFO thin film particles with average height 35 nm. (b) SP 
images for the same area of BFO thin film with (b) -1V DC bias, (c) +1V DC bias and (d) 
+2V DC bias. Delta height ∆Z=50 nm. 
 

 
2.3.1.d Magnetoeletric coupling 

2.3.1.d2 Magnetic ordering induced by electric field 

To demonstrate the electric field induced magnetic ordering of the BFO thin film, an 

external electrical field was applied first to the sample when MFM experiments were 

performed to image and manipulate magnetism of BFO film. The magnetic tip was lifted 
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further from 82 nm used for MFM experiment to 100 nm (∆Z=100 nm) to negate the 

influence from the previously existing sample magnetic field. At ∆Z=100 nm, the MFM 

phase image (Figure 2.12b) does not show significantly magnetic interaction between the 

tip and the surface, indicating the influence on the magnetic tip was reduced to a 

negligible level. By applying various levels of DC bias to induce magnetism of BFO film 

surface, the magnetism images were observed by MFM. Figures 2.12a and 2.12b show 

topography and magnetic images without applying bias. Electric field was then applied 

on the Au substrate, the induced magnetic ordering of BFO film was recorded (Figures 

2.12c-g in varying bias levels). To monitor the levels of influence of electric field on 

magnetism of BFO film, ±2 V and ±4 V DC bias were applied from the Au surface for 

separate sets of scan (Figure 2.12c-f). It was established that higher bias field led to 

stronger magnetic ordering. The time scale of the response was demonstrated by a single 

10-minute scan with bias stepped in the sequence of -4 V, -2 V, zero, +2 V, and +4 V 

(Figure 2.12g). These cycles can be repeated many times. The magnetic ordering can be 

controlled with bias voltage and removed in less than one minute by simply retracting the 

applied field (0 V) (Figure 2.12g). The featureless EFM image (Figure 2.13) of the BFO 

thin film, conditions same as MFM, was obtained with a lower delta height of 50 nm and 

+3V bias from Au surface. This EFM control experiment established our MFM contrast 

was of magnetic origin.  
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Figure 2.12 Magnetic ordering induced by electrical field. AFM topography (brown); 
magnetism induced by electric filed (gray). Scan area: 10 × 10 µm. (a) Topological AFM 
images of bismuth ferrite nanostructues without applying DC bias. (b) Magnetic images 
(after AFM) of the same region as in (a) with delta height ∆Z=100 nm, no bias. (c) +2V 
DC bias was applied on the substrate. (d) +4V DC bias was applied. (e) -2V. (f) -4V. (g) 
DC bias was continuous applied in steps of -4V, -2V, 0V, +2V, to +4V during in one 
scan over a period of 10 min. 
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Figure 2.13 EFM image of BFO with +3V bias voltage from the Au surface and 
using a delta height of 50 nm. 
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2.3.1.d2 Electric ordering induced by magnetic filed 

To study the electric ordering induced by magnetic field, the sample was placed in 

an external magnetic field before KPFM measurement. The imaging experiments are 

similar to normal KPFM, except there was no DC bias applied on the surface of BFO 

film. AFM topography (Figure 2.14a, 2.14c and 2.14e) was carried out first followed by 

KPFM study. The SP image was recorded with ∆Z=50 nm. Results from experiments on 

the same sample area with and without external magnetic field, were compared (Figure 

2.14a vs. 2.14b; 2.14c vs. 2.14c and 2.14e vs. 2.14f). In the first experiment, the SP 

image of BFO film was mapped without neither electrical field nor magnetic field (Figure 

2.14b), showing no significant SP on the surface of BFO film. After this first scan, BFO 

film was positioned between two poles of a magnet with a pole gap of ½ inch and a field 

strength of 10,500 Oe for 30 minutes and 17 hours. After 30 minutes and 17 hours of 

magnetization, the SP images were obtained and recorded (Figure 2.14d and 2.14f). As 

shown in Figure 2.14d, the image starts to show SP on the surface of BFO film after 30 

minutes magnetization. After 17 hours of magnetization, SP image (Figure 2.14f) shows 

strong ferroelectric ordering. This is the first time magnetic field induced polarization 

was observed at room temperature. The induced electric ordering by magnetic field is not 

as efficient as magnetic ordering by electrical field (MFM images Figure 2.12b-g and SP 

images Figure 2.14d and 2.14f). For different external magnetization experiments, it is 

difficult to relocate exactly same area of observation (5 µm by 5 µm) for the sample. 
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Figure 2.14 Surface potential (SP) maps of electrical ordering induced by magnetic 
field. AFM topography in brown; electric polarization induced by magnetic filed in gray. 
(a, b) Topography and SP images without applied magnetic field. BFO thin film 
positioned between two magnet poles (10500 Oe) with 0.5 inch pole gap for 30 mins (c, d) 
and 15 hours (e, f) before observation. 
 

 



29 
 

2.3.1.e Optically induced magnetic and electric orderings 

In addition to the effect of electric and magnetic fields, a third applied field, 

optical irradiation was found to induce magnetic and electric orderings in BFO thin film. 

The multiferroic thin film formed on quartz substrate was fixed to a glass slide with a 

double-side adhesive tape and positioned on the stage. An external light beam from under 

the stage was focused on the sample during the MFM and KPFM observation. For optic-

MFM, the delta height was at 50 nm. Optical absorption spectrum (Figure 2.15a) 

indicates that the glass slide and double-side adhesive absorbed about 20% light from 

wavelength of 300 to 600 nm, and BFO sample absorbs most of light between 

wavelength of 300 to 450 nm. The topography (Figure 2.15b) and MFM phase image 

(Figure 2.15c) with weak magnetic ordering were observed before irradiation. Then, 

various levels of light intensity from 6, 12, to 26 mW/cm2 were applied and monitored by 

a Dymax ACCU-CAL™ radiometer. The light beam followed the path of glass 

slide/tape/quartz to BFO film. Figures 2.15c-f show magnetic orderings increases as the 

total light intensity increases  

To examine the effect of wavelength, a set of experiment was carried out with an 

additional filter placed between the light source and glass slide. The filter cut off light 

with wavelength higher than 450 nm. The total intensity of UV light was further 

increased from 26, 237 to 560 mW/cm2.  The added filter transmitted 60% of the 

incoming light in the region of 350 to 450 nm with a long wavelength cut off at 450 nm 

(Figure 2.16a), resulting in higher total light energy for inducing magnetic orderings 

(Figure 2.16d-f). The topography (Figure 2.16b) and MFM images (Figure 2.16c) before 

incident light were observed. The MFM images show very weak magnetic orderings, 
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even though the total light intensity was increased around 10 times (Figure 2.16e vs. 

2.15f). Until light intensity increasing to 560 mW/cm2 (around 21 times), the magnetic 

orderings were just observed (Figure 2.16f). It is clear that the efficient action light has 

wavelength longer than 450 nm. The same wavelength region was reported to be 

effective in generating photovoltaic effect BFO.29  

To demonstrate electric ordering induced by light, the KPFM was employed to 

map surface potential of BFO thin film while being irradiated. Figure 2.17a, b indicate no 

polarization on BFO thin film in the absence of light. With applying various levels of 

intensity of light from 106, 263 to 315 mW/cm2, SP images (Figure 2.17c-h) indicate a 

slight induced electric orderings. The SP images appear to correspond to topographies. 

The induced electric ordering by light is not as efficient as magnetic ordering as indicated 

by a comparison of SP images (Figure 2.17d, f, h) with MFM images (Figure 2.15d-f). 

Under our experimental conditions, less than 15% of the incoming light from under the 

stage can arrive at the sample side close to the scanning tip. At this present, it is not 

possible to arrange irradiating from above due to blockage by the cantilever. 
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Figure 2.15 Magnetic ordering induced by light. Delta height ∆Z=50 nm. Scan area: 5 
× 5 µm. (a) UV/vis spectrum of BFO thin film, tape and glass slide. (b) Topography of 
BFO thin film. (c)  Magnetic image of BFO thin film without applying light. Magnetic 
images with applying light. (d) 6 mW/cm2, (e) 12 mW/cm2, (f) 26 mW/cm2. 



32 
 

 

Figure 2.16 Magnetic orderings induced by light with band a filter. Delta height 
∆Z=50 nm. Scan area: 5 × 5 µm. (a) UV/vis spectrum of filter and filter/BFO thin film. (b) 
Topography of BFO thin film. (c) Magnetic image without applying light. (d-f) Magnetic 
images with applying light through filter. (d) 26 mW/cm2, (e) 237 mW/cm2, (f) 560 
mW/cm2. 
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Figure 2.17 Electric orderings induced by light. Delta height ∆Z=50 nm. Scan area: 5 
× 5 µm. AFM topography (brown) and surface potential (SP) maps (gray). (a, b) Surface 
potential (SP) images without applying light. (c-h) SP images with applying light. (c, d) 
106 mW/cm2, (e, f) 263 mW/cm2, (g, h) 315 mW/cm2. 
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2.3.2 Autoclave synthesis 

The autoclave method gave nanocrystal powders of one of the ferrites depending on 

heating temperatures. Nanocrystal powders of Bi2Fe4O9 and BFO were obtained from the 

same precursor solution reacting for 24 hours at 165 and 185 °C. The XRD patterns of 

crystal nanoparticle clearly show an orthorhombic structure of Bi2Fe4O9 (Figure 2.18a) 

with space group Pbam (JCPDS No. 25-0090) and BiFeO3, a rhombohedrally distorted 

perovskite (Figure 2.18b, powder; Figure 2.5a, nanocrystal thin film) with space group 

R3c (JCPDS No. 86-1518). In addition, EDS spectrum confirms that the elemental 

composition ratio of Bi/Fe is 1/2 for Bi2Fe4O9 (Figure 2.19 and Table 2.3) and 1/1 for 

BFO (Figure 2.20 and Table 2.4), supporting the XRD results. The morphologies of 

Bi2Fe4O9 and BFO nanocrystals were examined by TEM. The TEM images show the 

average diameter of Bi2Fe4O9 particles is about 250 nm (Figure 2.21) and BFO particles, 

about 100 nm (Figure 2.22). The magnetic and ferroelectric orderings of BFO autoclave 

nanocrystals were, then, established by MFM and KPFM.  

For magnetic ordering study, the MFM phase image shows the magnetic properties 

of BFO particles from autoclave method. Topography image of BFO with an average 

height of particles of 100 nm was obtained (Figure 2.23a). In the second scanning with 

delta height of 50 nm, the phase image (Figure 2.23b) shows dark particle contrast on the 

surface of BFO sample, corresponding to particles in the topography image. 
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Figure 2.18 X-ray diffraction patterns of autoclave samples. (a) Bi2Fe4O9 nanocrystal 
powder 165 °C; (b) BiFeO3 nanocrystal powder prepared by at 185 °C. (*-Bi2Fe4O9) 

 

 

Figure 2.19 X-ray Energy Dispersive spectroscopy (EDS) spectrum for Bi2Fe4O9 
nanocrystal powder made by autoclave at 165 °C. The quantitative result shows a 
Bi/Fe ratio of 0.5, supporting the theoretical atomic ratio of 0.5. 
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Table 2.3 EDS quantitative results for Bi2Fe4O9 show a Bi/Fe ratio of 0.5 for autoclave 
sample from 165 °C in agreement with theoretical atomic ratio. 

   

 

 

Figure 2.20 X-ray Energy Dispersive spectroscopy (EDS) spectrum for BFO 
nanocrystal powder made by autoclave at 185 °C. The quantitative result shows a 
Bi/Fe ratio of 1, supporting the theoretical atomic ratio of 1. 

 

Element Weight% Atomic% 

O  28.10 71.90 

Si  0.63 0.92 

Fe  24.62 18.04 

Bi  46.65 9.14 

Totals 100.00  
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Table 2.4 EDS quantitative results for BFO show a Bi/Fe ratio of 1 for autoclave sample 
from 185 °C in agreement with theoretical atomic ratio. 

Element Weight% Atomic% 

C K 8.49 24.38 

O K 27.33 58.91 

Fe K 13.52 8.35 

Bi M 50.65 8.36 

Totals 100.00  

 

 

Figure 2.21 TEM images of Bi2Fe4O9 autoclave nanocrystal (250 nm average 

diameter). 
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Figure 2.22 TEM images of BiFeO3 autoclave nanocrystal (100 nm average diameter). 

 

 

Figure 2.23 AFM (a) MFM (b) image of BFO autoclave nanocrystals as prepared. (a) 
Topological AFM images of bismuth ferrite nanostructures with average height 80 nm. 
Scan area: 10 × 10 µm. (b) MFM image (10 × 10 µm) of the same region as in (b). Delta 
height ∆Z=50 nm.  
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 Electric polarization of the BFO crystal powder was examined using KPFM and 

dielectric spectrometer. Figure 2.24b and 24d-f show surface potential (SP) images (delta 

height of 50 nm). Figure 2.24 shows topography (a) of BFO autoclave nanocrystal 

particles (average height ~100 nm) and SP (b) image without DC bias. To improve the 

observation of the switching behavior of electric ordering, the scanning area was reduced 

from 10×10 µm to 5×5 µm. Two levels of DC bias (±1V DC), were applied on the 

substrate of BFO sample. The topography (Figure 2.24c) and same area SP images 

(Figure 2.24d-f) of BFO were recorded by KPFM. Figure 2.24b shows the original 

polarization with positive surface potential before applying bias. A DC bias of +1V was 

applied (Figure 1.24d) and a 10 min scanned was conducted from lower region to upper 

region. The polarization of SP image evolved from positive to negative, (white to dark) 

during the scan in 5 min of application of bias voltage, the particles lost their positive 

(+15 mV) polarization and finally switched to negative (-15 mV). The scanning was 

continued with +1 V, but in the reversed direction from top to bottom region resulting in 

“negative polarization” for the entire frame (Figure 2.24e). Then a new scan with a “-1 

V” bias was conducted, a fast switching ~1 min, to “positive polarization” was 

demonstrated (Figure 2.24f). Thus, KPFM measurement gave evidence for electric 

ordering and its switching behavior in the autoclave BFO sample. The dielectric constant 

of BFO and Bi2Fe4O9 autoclave crystal samples were performed on a dielectric 

spectometer with frequencies from 1 µHz to 10 MHz (Figure 2.25 and Figure 2.26) and 1 

V DC bias.  For BFO autoclave sample, dielectric constant (106) and loss tangent (2.47) 

were obtained at 0.01 Hz (Figure 2.25); for Bi2Fe4O9, 586 and 7.56 (Figure 2.26). For 
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autoclave, Bi2Fe4O9 has higher dielectric constant and loss tangent than BFO. 

Ferroelectric property of Bi2Fe4O9 nanocrystal was reported before.38  

 

Figure 2.24 Surface potential (SP) KPFM maps of BFO autoclave nanocrystals. 
AFM topography (brown) and surface potential (SP) maps (gray). These maps are from 
continual scanning in the same area with 10 min required for each scan. (a, c) 
Topological AFM image of BFO autoclave particles with average height 80 nm. SP 
images for the same area (a) of BFO autoclave nanocrystals with (b) 0 V DC bias, and the 
same area (c) of BFO autoclave nanocrystals with (d, e) +1 V DC bias and (f) -1 V DC 
bias. Delta height ∆Z=50 nm. 
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Figure 2.25 Dielectric constant and loss tangent of BiFeO3 autoclave nanocrystals at 
room temperature. 
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Figure 2.26 Dielectric constant and loss tangent of Bi2Fe4O9 autoclave nanocrystals 
at room temperature. 
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2.3.3 Microemulsion synthesis 

 For microemulsion synthesis, the bismuth ferrite sample was also characterized 

using XRD, TEM, and dielectric spectrometer. XRD result indicates a non-crystalline 

bismuth ferrite. TEM image shows the average particles size of bismuth ferrite about 80 

nm (Figure 2.27). For dielectric constant measurement, the result shows extremely high 

dielectric constant about 1,370,000 and loss tangent about 8 at 0.01 Hz. The loss tangent 

decreases at frequency below 176 Hz, and then reincreases to 2.66 at frequency 4510 Hz. 

After frequency larger than 4510 Hz, the loss tangent decreases again (Figure 2.28). The 

extremely high dielectric constant of 1,370,000 and the tangent loss peak at ~4.5 KHz 

requires further careful investigation. 

 

Figure 2.27 TEM image of bismuth ferrite with average diameter of 80 nm made by 
microemulsion.   
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Figure 2.28 Dielectric constant and loss tangent of BFO microemulsion particles at 
room temperature. 

 

2.4 Conclusion 

Three approaches, spin-casting, autoclave, and microemulsion using one single 

precursor solution have been developed, giving bismuth ferrites of different 

morphologies and characteristics. Thin film of crystalline BFO (average diameter of 200 

nm and thickness of 45 nm) of high quality was synthesized using a facile procedure of 

casting a precursor solution at a spinning rate 2000 rpm followed by heating 600 ºC. This 

finding represents a far more manageable process than the many existing methods. 

Nanocrystalline bismuth ferrite powders, Bi2Fe4O9 (250 nm) and BFO (100 nm), were 
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prepared by autoclave method at 165 ºC and 185 ºC respectively. Microemulsion 

synthesis gave non-crystalline bismuth ferrites powder in nanoscale (80 nm). 

MFM images established magnetic ordering induced by magnetic field, electric 

field, and optical irradiation. Electric ordering was also shown to be induced by all three 

applied stimulus. Fast magnetic ordering response, within a minute, induced by electric 

field was observed. For electric ordering, SP images of BFO thin film show that electric 

ordering induced by electric field can be readily switched in the minute scale as 

demonstrated by applying -1V and +2V DC bias in successions. The response of 

electrical ordering to magnetic field (10,500 Oe) is much slower; 30 min was required to 

generate MFM image. Optically induced magnetic and electric orderings were also 

observed by MFM and KPFM. The light induced MFM images indicate that magnetic 

orderings could be efficiently generated by low energy level (26 mW/cm2) radiation at 

wavelength longer than 450 nm. Light induced electrical ordering is much less effective 

than for magnetization under our current experimental arrangement. The finding 

concerning optic field is important. Experimental arrangement is being established to 

allow light with wavelength longer than 450 nm and irradiating directly on the sample 

surface from above as in near-field arrangement.  

Compared with spin casting method, BFO from autoclave method shows much 

weaker magnetic ordering. The switching of BFO powder electrical ordering was 

observed in KPFM with ±1 V bias, at a similar level for BFO from spin casting.  

Bi2Fe4O9 crystal powder, a well-known ferromagnetic material showed a dielectric 
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constant of 600, higher than 110 from BFO crystal powder. Bismuth ferrite powder from 

microemulsion has an extremely high dielectric constant of 1,370K. 

In summary, well-defined nanocrystal BFO thin film with uniform particles was 

successfully prepared by new facile method, spin-casting. Its magnetoelectric coupling 

and optical induced magnetic and electric orderings were observed at room temperature 

on the same BFO thin film thus prepared. This is the first time “magnetic-electric-optic” 

coupling at room temperature were observed in BFO nanocrystal thin film. The autoclave 

and microemulsion approaches for bismuth ferrites syntheses are not as versatile. 
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Chapter 3: Core-shell Nanomaterials from Conducting 

Polymer - Controlled Delivery and High-k Nanoparticle in 

Conductive Matrix  

3.1 Core-shell nanostructure for controlled delivery 

3.1.1 Introduction 

In recent years, hollow submicron spheres have attracted intense research attention 

because of their wide variety of applications, including drug, dyes, or inks delivery, 

protection shield for proteins, catalysis applications, and gene therapy.1-6 Conducting 

polymers are of considerable interest for a variety of applications due to their 

responsiveness to electric field to generate a change in conductivity, color, and volume.6, 

7 Nano and microscale conducting polymeric systems are already of widespread use for 

applications such as electronic devices, mechanical actuators, and chemical sensors.8, 9 

Their substantial volume change accompanying the doping/dedoping processes10, serves 

as the base for many actuator applications.10-12 Recently, new applications of conducting 

polymer have attracted increasing interest in the areas of controlled release because 

conducting polymers also offer the possibility of controllable drug administration through 

electrical stimulation and pH changing.2, 6, 7, 13 Even though the development of 

polymeric controlled release system is still in the developing phase5, 14, 15, the advance of 

nanotechnology continues to provide new techniques for the fabrication of hollow 

nanostructures.6, 16-20 On the other hand, the use of conductive polymers in delivery 

systems has not been fully developed due to the limitations in choice of dopant for the 

polymer and the molecular weight of the delivered drug.  



47 
 

The establishment of the biocompatibility of PEDOT10, 14, 21, 22 and polypyrrole 

(PPY)13, 15, 21 expended the application areas of conducting polymers. In this dissertation, 

poly(3, 4-ethylenedioxythiophene) (PEDOT) was chosen as the polymer shell for 

nanospheres. Recently, biocompatibility PEDOT was used for important neural 

prosthesis and drug delivery applications.6, 14, 22  

For the hollow sphere nanostructure syntheses, both template23-29 and template-free30, 

31 processes have been broadly investigated for inorganic nanostructures with interior 

space. However, fabrication of PEDOT nanostructures is very challenging. To obtain 

hollow nanostructures, template-mediated polymerization processes were usually used. 

One-dimensional hollow nanostructures were first fabricated by using hard-templates, 

including track-etched membranes32, 33, porous membranes34-36, and biodegradable 

polymer fibers6. Figure 3.1 shows schematic for the preparation of 1-D hollow nanotubes  

performed inside the Al 2O3 membrane pore.35   

 

Figure 3.1 Schematic illustration of the use of an Al2O3 membrane as a template in 
the synthesis of 1-D PEDOT structures. (From Ref. 35)  
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Although the hard-template methods are effective for well-defined 1-demensional 

hollow nanostructures, the processes are relatively complicated and difficult to scale up. 

On the other hand, soft-template methods have also been developed. Soft-templates refer 

to self-assembled or liquid crystalline structures in which 1-dimensional conducting 

polymer nanostructures can be grown by chemical or electrochemical processes.37, 38 

Figure 3.2 illustrates the 1-D PEDOT hollow nanofibers prepared from a soft-template of 

aqueous anionic surfactant solution. TEM images confirm that nanofibers are hollow 

structures.38  

 

Figure 3.2 Schematic illustration of the procedure for the synthesis of PEDOT 
nanofibers in cylindrical surfactant micelles. (From Ref. 38) (Hollow nanofibers 
structure showed by TEM)  

 

More intricate cases are the fabrication of nano-capsules or -vesicles. The hard-

templates for the fabrication of nano-vesicles are not easy to remove compared with the 

cases for 1-dimensional nanostructures.39-41 Recently, PEDOT nanosphere with 

cyclohexane core was prepared.16 In this dissertation, an efficient methodology of 

interfacial polymerization was demonstrated for the fabrication of the core-shell 
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nanospheres. PEDOT serves as the shell for a core of room-temperature ionic liquid 

(RTIL) in a micelle system established in water mediated by a nonionic surfactant, triton 

X-100 (TX-100). There are advantages of using RTIL micelles as the soft-templates 

compared with cyclohexane system16. With their nonvolatile, thermally stable and tunable 

solvation properties, Biocompatible RTILs are considered as promising candidates for 

both chemical and biological applications.42-45 With the formation of the PEDOT shell, 

chemical or biological substances can be encapsulated in the core. Also, due to the 

nonvolatile nature of RTILs, loading loss through evaporation in preparation is likely to 

be very low. 

The current study provides a novel platform for controlled release triggered through 

stimulation by pH tuning. Scheme 3.1 illustrates the mechanism for volume change in 

conducting polymers by doping/dedoping processes. Two volume change mechanisms 

can be considered.10 There are positive charges on the backbone of conducting polymer 

as synthesized by oxidation polymerization (doped state). To maintain charge balance, 

the equivalent counter ions (anions) need to be present in the matrix of conducting 

polymer (Scheme 3.1 Doped state). After electric or pH value tuning, the volume of 

conducting polymer changes to “dedoped state I or II” depending on the size of counter 

ion. If the size of counter ion is large, the volume expands after stimulation as Scheme 

3.1 “Dedoped state I”. Because the backbone of conducting polymer becomes less 

positive and counter ions cannot move out of matrix of conducting polymer, the cations 

migrate into the polymer matrix for charge compensation, causing expansion. On the 

other hand, if the size of counter ions is small, the volume of conducting polymer shrinks 

because small counter ions with solvent are expelled (Scheme 3.1 “Dedoped state II”).  
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Scheme 3.1 Proposed mechanism for volume change in conducting polymers.  
represents a dopant. 
 
 

On the basis of the substantial volume changes in conducting polymers, two 

controlled release strategies through the size shrinkage and expansion of polymer nano-

shells were demonstrated in this dissertation with the synthesis of a series of core-shell 

PEDOT nanospheres for controlled release. By TEM and SEM observation, the optimum 

reaction conditions for single-chamber nanospheres were established. Different sizes of 

PEDOT spheres were prepared by changing the ratio of RTIL-to-surfactant ratio, R. The 

volume changes of PEDOT nanospheres for controlled release were observed by SEM. 

The controlled release behavior of PEDOT nanospheres was monitored by photometric 

measurement. 

 In addition in a novel nanosystem, the interaction of electronic polarization with 

atomic polarization was studied for core-shell nanosphere of polyaniline (PANI) matrix 

with high-k strontium titanate (STO) nanoparticles embedded. The synergistic 

polarization effect in core-shell of PANI/STO nanoparticles was established by KPFM.  

 



51 
 

3.1.2 Experimentals 

3.1.2.a Hollow sphere synthesis 

All reagents were purchased from Aldrich Chemical Co. and used without further 

purification. In a typical synthesis, 3, 4-ethylenedioxythiophene (EDOT) in 1-butyl-3-

methyimidazolium hexafluorophosphate (bmimPF6, i.e. ionic liquid, IL) with different 

concentrations (0.414, 0.207, 0.083 and 0.0414 mg/mL) serves as the dispersed phase, 

and ammonium peroxydisulfate (APS) oxidizer (8.36 mg/mL) in deionized water as the 

continuous phase. The micelle system was established by a surfactant “TX-100”. The 

details of reaction compositions of IL-A to IL-D were listed in Table 3.1. The process of 

formation of polymer shell is depicted in Scheme 3.2. The APS and EDOT diffuse to the 

RTIL/water interface from opposite directions of the shell. The polymerization occurred 

at the interfacial surface of the RTIL micelles, forming core-shell polymer nanospheres 

(PEDOT as a shell and RTIL as a core). The interfacial polymerization was conducted at 

room temperature in a 20-mL vial with oil-in-water (O/W) microemulsion for 72 and 144 

hours. For the study of a series of size of micelles, the micelles was tuned by variation of 

the RTIL-to-surfactant ratio, R, of  0.17, 0.24, 0.32, and 0.41, resulting in diameter of 

PEDOT nanospheres ranging from 75 to 400 nm. The detailed reaction compositions of 

IL-E to IL-G are listed in Table 3.2. To study volume change of PEDOT sphere, the 

transparent green suspensions were collected after reaction of 72 hours and the pH value 

was tuned from 4 to 12 by a step of 1 unit by adding small increments of concentrated 

ammonia solution. For controlled release behavior studies, model drugs, dipyridamole 

(28 mg, uncharged) and carboxylated curcumin (4 mg, anionic), were used as cargos. 

Before polymerization, the dipyridamole and EDOT monomer was dissolved in RTIL, 
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and APS, in water. Polymerization occurred at interface, and the dipyridamoles were 

encapsulated in PEDOT nanospheres. The PEDOT sphere loaded with drug was collected 

after 72 hours. For the anionic carboxylatd curcumin, 0.56 g of tetrahydrofuran was 

added to the aqueous phase to improve solubility. Portion of the carboxylate curcumin 

was accumulated on the shell of PEDOT nanospheres. After 72 hours, the solution was 

collected for dialysis for 2 day to remove free carboxylate curcumin in the aqueous phase.  

 

Scheme 3.2 Schematic presentation of formation of PEDOT nano-encapsulation by 
interfacial polymerization in a microemulsion system. 
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Table 3.1 Reaction compositions for preparing samples IL-A through IL-D with 
variations in EDOT concentrations 

 

Table 3.2 Reaction compositions with different R’s for the preparation of samples IL-B, 
and IL-E through IL-G of varying sphere sizes 
 
Sample 

ID 

Water 

(g) 

APS 

(mg) 

TX-100 

(g) 

bmimPF6 

(g) 

EDOT 

(mg) 100
)( 6

−
=

TX

bmimPF
R  

IL-B 8.37 70.0 1.50 0.10 15.0 0.17 

IL-E 8.37 70.0 1.50 0.15 22.5 0.24 

IL-F 8.37 70.0 1.50 0.19 28.2 0.32 

IL-G 8.37 70.0 1.50 0.27 40.5 0.41 

 

 

3.1.2.b Characterizations by TEM, SEM, HRTEM/Electron diffraction, Conductive-

AFM, KPFM, UV/Vis and UV-Vis-IR absorbance 

Morphology studies were conducted using scanning electron microscopy (SEM, 

LEO 982) and transmission electron microscopic (TEM) (JEOL 1200 EX microscope) at 

an acceleration voltage of 80 kV. For TEM samples, a drop of the reaction mixtures was 

Sample 

ID 

Water 

(g) 

APS 

(mg) 

TX-100 

(g) 

bmimPF6 

(g) 

EDOT 

(mg) 100
)( 6

−
=

TX

bmimPF
R

 

IL-A 8.37 70.0 1.50 0.10 30.0 0.17 

IL-B 8.37 70.0 1.50 0.10 15.0 0.17 

IL-C 8.37 70.0 1.50 0.10 6.0 0.17 

IL-D 8.37 70.0 1.50 0.10 3.0 0.17 
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dried on carbon-coated copper grids at room temperature. Samples for SEM were 

prepared on clean silicon wafers by spin-coating the reaction mixtures at 3000 rpm 

(photo-resist spinner, EC101DT-R485, Headway Research Inc.). The wafer was washed 

with pure methanol several times before use. HRTEM and electron diffraction were 

conducted on a Tecnai G2F20 cryoelectron microscope. UV/Vis spectrum was obtained 

at wavelength range of 300 to 600 nm (Thermo Electron Corporation, Helios Alpha, Beta) 

to follow PEDOT polymerization and cargo release. UV-Vis-IR spectra were collected 

from 400 to 1400 nm using a Cary 500 UV-Vis-IR Spectrophotometer. Conductive-AFM 

(CAFM) and Kelvin Probe Force Microscopy (KPFM) studies were conducted on a 

MFP-3D microscope (Asylum Research). For studying CAFM and KPFM, tapping-mode 

silicon cantilevers having a spring constant ~2 N/m and resonance frequency ~70 kHz 

(AC240TM-10 from Olympus) were used with Pt coated tips.  DC bias was applied on 

the gold substrate to induce polarization during mapping surface potential. 

 

3.1.3 Results and Discussions   

In this synthetic system, the use of RTIL micelles in water can be classified as soft-

template methods. The core-shell nanospheres of conducting polymer, poly(3,4-

ethylenedioxythiophene) (PEDOT), were synthesized by “interfacial polymerization”, 

Scheme 3.2. The progress of the polymerization was monitored by the visible absorbance 

change of the micelle system (Figure 3.3). Although reactions can be quenched by 

methanol at any stage of the reaction, the products were usually collected after 72 and 

144 hours of reaction time. The collections showed a transparent appearance with green 

color, indicating the formation of PEDOT (Figure 3.3).  



55 
 

400 500 600 700 800 900
0.2

0.3

0.4

0.5

0.6

 

 

A
bs

or
ba

nc
e 

(A
)

Wavelength (nm)

761

580

 
Figure 3.3 A representative visible spectrum of the PEDOT samples (IL-B, after 3 
days). Path length: 1cm. 

 

  To study the influence of EDOT concentration on morphology of the final nano-

spheres, the mass of EDOT in RTIL was varied from 30.0 mg to 3.0 mg for four samples 

(Table 3.1). Scanning electron microscopic (SEM) and transmission electron microscopic 

(TEM) studies were performed to observe the morphology on the four samples. In the 

SEM and TEM images, it was observed that the morphologies of the final nanospheres 

depend strongly on the EDOT concentration in RTIL. For sample IL-A with the highest 

EDOT concentration in the series, the size and morphology before and after washing with 

methanol were obtained (Figure 3.4a~f). The methanol quenching process consists of 
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adding 1 ml of methanol to the reaction mixture (~10 ml), and a drop of the solution was 

withdrawn for spin coating, followed by morphology observation. The SEM images of 

IL-A (Figure 3.4a, b) show a bimodal size distribution, 15-20nm and 40-50nm. With 

methanol washing, the RTIL and its contents were washed out from the core of 

nanospheres and the PEDOT shell crashed in to form a nano-disk (Figure 3.4c, d). In 

addition, the diameter of the nanodisks formed after washing ranges from 80-150 nm, 

much larger, as expected, than diameter of original core-shell nanospheres. The TEM 

image (Figure 3.4e) confirms the bimodal size distribution of the nanospheres. The high-

magnification TEM image (Figure 3.4f) clearly shows that the spheres contain more than 

one interior chamber. The “multi-chamber” nature of the nanospheres in sample IL-A 

resulted from the high EDOT concentrations in RTIL. The influence of the concentration 

of EDOT in RTIL on the morphology of final nanospheres was investigated; a variation 

of distribution in chamber was observed. Similar to IL-A, multi-chamber core 

morphologies were also observed in TEM images of IL-C (Figure 3.5e, f) and IL-D 

(Figure 3.6c, d) samples. The distribution of chamber in the core varied for different 

spheres, as shown in the high magnification scale TEM image for IL-D (Figure 3.6d). 

Figure 3.5a~d indicates that the size and morphology resulting from reaction for 6 days is 

similar to those from 72 hours. Figure 3.6a, b show the morphologies of IL-D before and 

after methanol washing. Nano-disks were observed after washing (Figure 3.6b). Sample 

IL-B was prepared using the same conditions as for IL-D except the EDOT concentration 

is higher (15 mg vs. 3 mg in 100 mg) (Table 3.1). Before the methanol washing process, 

narrow dispersed spheres with an average diameter at around 75 nm were observed for 

IL-B (SEM image, Figure 3.7a). Single-chamber core-shell nanospheres were obtained as 
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indicated by TEM image (Figure 3.7c). This morphology is desirable for the controlled 

release applications. The SEM evidence of the formation of the PEDOT nanospheres is 

also provided by the transformation to nano-disks on methanol quenching of the 

suspension (Figure 3.7b). The PEDOT shell is permeable to methanol, allowing methanol 

to remove the core content. Thus, the core-shell nanospheres collapsed and formed nano-

disks. The observed morphological difference due to the variation of EDOT 

concentration in RTIL indicates the importance of EDOT concentration for the core 

morphology. In a multi-chamber nanosphere, PEDOT not only formed the shell, but 

penetrated into the RTIL core, and separated the core into several smaller chambers filled 

with RTIL. Even though the multi-chamber spheres can also be utilized for a nano-

encapsulation, single-chamber sphere with a thin PEDOT layer is preferred for the 

efficient cargo capacity. Too high or too low concentration of EDOT monomer is not 

preferred for the preparation of single-chamber nanosphere with a suitable thickness of 

the particle shell. From SEM and TEM results, the optimum reaction conditions of 

single-chamber PEDOT nanospheres are those for IL-B, Table 3.1.  It is noteworthy that 

with stirring in preparation of sample IL-B, low population of PEDOT nanospheres with 

abundance of needles with average length of 150 nm were produced (Figure 3.7d).  
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Figure 3.4 Morphology of sample IL-A. SEM images of IL-A 72 hours reaction time. (a, 
b) SEM images of IL-A without methanol wash. (c, d) SEM image of IL-A with methanol 
quench. (e) TEM image of IL-A. (f) TEM image in high-magnification. 
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Figure 3.5 Morphology of sample IL-C. SEM images of IL-C 72 hours reaction time (a) 
without and (b) with methanol quench. SEM images of IL-C collected after 6 days (c) 
without and (d) with methanol quench. TEM images of IL-C collected after (e) 72 hours 
and (f) 6 days. 
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Figure 3.6 Morphology of sample IL-D.  SEM images of IL-D 72 hours reaction time (a) 
without and (b) with methanol quench. TEM images of IL-D collected after 72 hours in (c) 
low-magnification and (d) high-magnification. 
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Figure 3.7 Morphology of sample IL-B. SEM images of IL-B at two reaction times (a) 
72 hours and (b) 6 days with methanol quench. TEM images of IL-B collected after 6 
days (c) without stirring and (d) with continuous stirring during the reaction. 
 
 

Our preliminary studies indicate that the EDOT concentration played an important 

role in the formation of the core. The result shows the reaction condition of IL-B is 

suitable for the production of single-chamber PEDOT nanospheres of an average 

diameter at 75 nm with narrow size distribution. The size for PEDOT nanospheres can be 

tuned through changing the bmimPF6-to-“TX-100” molar ratio, R.  Reaction conditions 



62 
 

of IL-B were used to synthesize PEDOT core-shell nanospheres with different diameter 

through changing R ratios. A series of experiment was carried out for PEDOT 

nanospheres with R ratios, 0.17 (Sample IL-B), 0.24 (IL-E), 0.32 (IL-F) and 0.41 (IL-G) 

in Table 3.2. The size and morphology of PEDOT were established by SEM observation. 

As R increased, the average diameter of single-chamber PEDOT nanospheres increases 

from 75 to 400 nm in this series (Figure 3.8). For IL-G, the conductivity of a single 

sphere was measured by conductive-AFM. I-V curve indicates that the conductivity of 

PEDOT core-shell nanospheres at 3.2V was at least 2 mA (Figure 3.9).    

A distinctive characteristic of conducting polymers is the substantial volume 

changes accompanied the change of doped states processes either electrochemically or 

chemically as shown in scheme 2.1.6 A review summarizing the mechanism and 

application of this unique property of conducting polymers is available.10 In this study, 

substantial volume changes were also observed in the PEDOT nanospheres which hold 

significant potentials for controlled release. The volume or size changes were 

accomplished via a doped-dedoped process conducted by tuning the pH value of a 

prepared sample by adding small amount of an ammonia solution. Sample IL-G was 

selected for the volume change study. After 72 hours, IL-G was collected and its pH 

value was determined to be 4. The average diameter of the IL-G nanospheres is 400 nm 

(Figure 3.8d). Through addition of ammonia solution, the pH value of IL-G was adjusted 

from 4 to 12 with steps of 1 pH unit. Samples in different pH environment were collected 

for the morphology study by SEM. Figure 3.10 shows SEM images for the samples with 

a pH value from 5 to 12. Interesting size and morphology changes were readily observed. 

With pH value changing from 4 to 6, the diameter of the nanospheres reduced drastically  
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Figure 3.8 SEM images of samples in different R ratio. (a) IL-B (R=0.17), (b) IL-E 
(R=0.24), (c) IL-F (R=0.32) and (d) IL-G (R=0.41). (e) Size tunability base on 
(bmimPF6)/TX-100 ratio. 
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Figure 3.9 Current vs. bias voltage for Au surface and PEDOT core-shell 
nanospheres of IL-G. 

 

from 400 to 100 nm (Figure 3.8d and Figure 3.10a, b). Small diameter difference was 

observed for samples from pH=6 and 7 (Figure 3.10b, c). From pH=7 to pH=9, the 

diameter of nanospheres increased from 100 to 350 nm (Figure 3.10c~e). The diameter 

changes are due to the removal of H+ from the polymer chain by ammonia. From pH=10 

to pH=12, a transition from sphere to rod was also observed (Figure 3.10f~h). The length 

and width of the nanorods are 350x250, 400x200 and 450x100 nm for pH=10, 11 and 12 

respectively (Figure 3.10). Figure 3.11 represents the high-magnification SEM images of 

the nanoparticles, showing the evolution of size and aspect ratio due to pH changes. 
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Figure 3.10 SEM images of sample IL-G (R=0.41).  pH= (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, 
(f) 10, (g) 11 and (h) 12.  
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Figure 3.11 Volume and morphology change of sample IL-G with the pH tuning. The 
SEM image above each pH value shows the size and morphology of the nano-
encapsulates respectively. A clear aspect ratio change with the pH value is also observed 
from pH=4 to pH=12. 

 

Two processes of volume change (shrink and expansion) in IL-G were also 

observed.  In this study, a more complicated trend in size changes occurred during the 

dedoping process, because both the sulfate (smaller in size) and hexafluorophosphate 

(large in size) anions serve as the counter ions to PEDOT (Scheme 3.3). In the doped 

state (PEDOT as synthesized), equivalent counter ions (small sulfate and large 

hexafluorophosphate anions) are present in the matrix of PEDOT nanospheres to 

maintain charge balance of the system. After stimulation by tuning pH value to 7, the 

backbone of PEDOT becomes less positively charged and small sulfate ions migrate out 
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of matrix of PEDOT, causing the volume shrinking (Scheme 3.3, “dedoped state I”). 

When pH above 7, PEDOT changes to neutral, but large hexafluorophosphate ions cannot 

move out. Thus, the cations in solution diffused into the sphere of PEDOT, inducing the 

volume expanding (Scheme 3.3, “dedoped state II”). In the dedoping process (pH=10 to 

pH=12), the backbone of PEDOT became mostly neutral. The PEDOT packed together 

with lower curvature because of its chain rigidity at low doping. The nanostructures 

transformed from nanospheres to nanorods with different aspect ratios (Figure 3.10 and 

Figure 3.11).  

 

Scheme 3.3 Mechanism of volume change in conducting polymer through dedoping 
process from pH change.         : PF6 anions    : sulfate anions 
 
 

From visible and near IR absorption (Figure 3.12), the dedoping process of 

PEDOT nanospheres (IL-G) in different pH value was observed. The highly doped 

PEDOT formation peak of 761 nm was absorbed in pH of 4 (PEDOT as synthesized). As 

pH value increases, the PEDOT absorbance peak of 761 nm decreases. At pH above 9, 

the PEDOT peak of 761 nm disappears, likely due to the effect of removing proton from 

the conjugate system. At pH above 10, new peaks of 1039 nm and 1227 nm appear, 
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indicating new morphology formation. Similar absorption peaks were reported in 

literatures. However, the nature of new peaks remains unclear.46 
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 Figure 3.12 Visible and near IR spectrum of IL-G in different pH values of 4 to 12. 

 

The morphology change of the nanostructures to an anisotropic form with the 

dedoping process indicated that a more ordered molecular arrangement was developed 

during the dedoping process (as shown in Figure 3.10f~h and Figure 3.11). The electron 

diffraction study was conducted on individual nanostructures of the sample in pH=7, 10 

and 12, respectively. Figure 3.13 shows electron diffraction of the sample of pH=7 does 
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not have any ordered pattern. A different pattern with diffraction arches was clearly 

observed in the electron diffraction image of the sample of pH=10, Figure 3.13b, 

suggesting a highly ordered structure, developing during the dedoping process by 

ammonia. Diffraction spots were also observed in the pattern of the sample of pH=12, 

Figure 3.13d. Due to dedoping process, backbone of PEDOT carried increasingly less 

positive charge. Therefore, the better packing and rigid structure of PEDOT cause 

elongation and highly order molecular arrangement; the details of the lattice structure of 

the highly ordered structure remains unclear. Figure 3.13c shows the high resolution 

transmission electron microscopic, HRTEM, image of part of an individual nano-rod 

(pH=12).   

 

Figure 3.13 Electron diffraction images of samples of different pH values. (a) pH=7, 
(b) pH=10 and (d) pH=12. (c) High resolution TEM image of the sample of pH=12. 
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To establish the controlled release capability of the system described in scheme 3.4, 

two model compounds, dipyridamole and carboxylated curcumin were selected as the 

cargos. As depicted in scheme 3.4a, the uncharged dipyridamole was first dissolved in 

bmimPF6 in the initial preparation step. The controlled release from the core was through 

the volume change triggered by the pH tuning. For release from nanosphere surface, 

anionic carboxylated curcumin dissolved in the aqueous phase (scheme 3.4b) migrated to 

the surface of the sphere. The controlled releases for both were monitored by UV/Vis 

absorption analysis. Dipyridamole has a strong ultraviolet absorbance band at around 420 

nm. This peak was used to follow its release from the nanospheres. The experimental 

conditions of IL-G were chosen except 28 mg of dipyridamole was dissolved in bmimPF6. 

Due to the hydrophobic nature of the drug, most dipyridamole molecules remained inside 

the RTIL micelles during the polymerization process. Product was collected after 3 days. 

UV/Vis spectrum of the as synthesized sample did not show the drug absorbance peak at 

420nm, blue line in Figure 3.14a. The absence of this peak is due to the shielding of the 

UV irradiation by the highly absorbing PEDOT shell. After tuning the pH value of the 

sample to 7, a drug absorbance peak was clearly observed in the UV/Vis spectrum, red 

line in Figure 3.14a, indicating the controlled release. For carboxylated curcumin, the 

reaction condition was kept as in sample IL-G, except 4 mg of curcumin and 0.56 g of 

tetrahydrofuran, for better solubility of curcumin, were added into the aqueous phase. 

After 3 days, the product sample was collected and dialyzed in deionized water for 2 days 

to remove the free curcumin compounds in the aqueous phase. The pH value of the 

dialyzed sample stayed unchanged. Curcumin compounds conjugated with the PEDOT 

shell still remained on the shell. An absorbance peak at ~420 nm, blue line in Figure 
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3.14b, indicated the incorporation of curcumin into the nano-shell of PEDOT. After the 

first UV/Vis analysis, pH value of the solution was tuned to 7 by ammonium solution. 

Another dialysis was conducted for 2 days followed by a second UV-Vis absorbance 

study. The lack of a characteristic peak, red line in Figure 3.14b, suggested that most of 

the curcumin compounds had been released by pH tuning. In order to determine the 

percentage of dipyridamole molecules released from inside of nanospheres after the 

shrinkage of the hollow sphere at pH of 7, five different standard concentrations of 

dipyridamole were made in DI water for calibration. Calibration curve (absorbance at 420 

nm vs. concentration of dipyridamole) was plotted in Figure 3.15, and a calibration 

equation was obtained. The concentration of released dipyridamole was found to be 2.10 

mg/mL. Comparing concentration of loaded (beginning, 3.44 mg/mL) and released 

(calculated, 2.10 mg/mL) dipyridamole, about 61% of dipyridamole was released from 

the core of nano-sphere.   
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Scheme 3.4 Schematic for controlled release from polymeric hollow nanospheres. (a) 
The green hollow nanosphere represents a polymeric encapsulated synthesized through 
Micro-interfacial polymerization.  is a hydrophobic active species, dipyridamole in this 
study, dissolved in room-temperature ionic liquid (RTIL). The controlled release was 
through the polymer volume change triggered by pH tuning. (b)  is a hydrophilic active 
species, carboxylated curcumin in this study, also functions as the dopant of the polymer 
shell. The active species is released through t pH tuning. Chemical structures of 
dipyridamole and carboxylated curcumin are shown in the scheme.  
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Figure 3.14 UV/Vis absorbance spectra for the controlled release study. The two 
systems as described in scheme 2.3. Path length: 1cm. Blue line reference: IL-G. Red line 
reference: IL-G at pH of 7. (a) Dipyridamole as cargo. Blue line without cargo peak 
indicates cargos were encapsulated in PEDOT nanospheres. After tuning pH to 7, 
absorbance peak (Red line) indicates the cargos released from PEDOT nanospheres. (b) 
Using carboxylated curcumin as cargo on the surface of PEDOT shell. Absorbance peak 
(Blue line) of curcumin molecules on the PEDOT nano-shell was observed in the 
dialyzed system. After pH tuning to 7 and another dialysis, the disappearance of the 
absorbance peak (Red line) indicates that most of cargos, curcumin, have been released 
during the dedoping process. 
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Figure 3.15 Calibration Curve: absorbance vs. concentration of dipyridamole in 

water  

 

3.1.4 Conclusion 

In summary, a promising conducting polymer nanosphere controlled release 

system was readily prepared via an “interfacial Polymerization” process by using room 

temperature ionic liquid in water micelles as a soft template. Multi-chamber and single-

chamber core-shell nanospheres were obtained by adjusting the monomer, EDOT, 

concentration in RTIL. The interior RTIL molecules can be readily removed by washing 

with methanol and nano-disk morphology was obtained. By tuning the RTIL-to-

surfactant molar ratio, R, the size of micelles can be adjusted in the range of 75 to 400 nm. 

The diameter of the nanospheres was further adjusted by a volume change of conducting 

polymer with pH tuning. Two controlled release strategies were established by using 
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dipyridamole and carboxylated curcumin as the cargo. UV/Vis study confirmed the 

controlled release based the size change of the nanospheres. Nanorod morphology and a 

highly ordered molecular arrangement were developed when the pH value was tuned to 

higher than 10. The findings in this study can contribute to the understanding to a broad 

range of research areas, including conducting polymer, nanoscience and controlled 

release. 

 

3.2 Polarization behavior of core-shell nanosphere of conducting 

polymer, polyanline, matrix with high-k nanoparticals embedded – (in 

collaboration with Dr. Kai Su, Ref. 47)47 

3.2.1 Polarization behavior 

 A new core-shell nanostructure with high-k nanoparticals embedded in the core 

was discovered. Procedures for the preparation of nanopheres with cores of polyaniline 

(PANI) / strontium titanate (STO) composite have been documented in details (Ref. 47). 

Procedures of samples preparation for KPFM investigation as follows: A drop of PANI 

as synthesized was spin-casted on an Au surface (3000 rpm). Then, the sample was rinsed 

two times by deionized water. The doped core-shell composite powders with STO to 

PANI weight ratio of 8/1 were dispersed in deionized water (0.1 mg/mL) by using 

ultrasonic for 10 min. A drop suspension was directly deposited on an Au surface. The 

Au surfaces were prepared by sputtering on silicon wafers. 

  Scheme 3.5 shows structure of the stuffed sphere morphology of nano-composite 

with STO nanocrystals in PANI matrix (dark gray), an embedded structure of STO/PANI 
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nanocomposites. The morphology of STO/PANI nanocomposites with weight ratio of 2/1 

was observed by TEM (Figure 3.16). The nanocomposites were in spherical form smaller 

than 100 nm with a few large ones at the level of 180 nm. This spherical form is 

composed of 5 nm STO nanocrystals embedded in PANI matrix. The enlarged TEM 

image (inset of Figure 3.16) shows STO nanocrystals embedded in PANI matrix. The 

electric polarization of STO/PANI composites was observed in KPFM measurement with 

a delta height ∆Z=50 nm (the distance between the tip and the sample surface). The 

PANI and STO weigh ratio in the composite is 1 to 8.  Figure 3.17 shows in (a, f) 

topography images of PANI and composite having an average height of 80 and 130 nm 

respectively. The topographic imaging was followed by applying various DC bias (+1V 

and -1V) on the same scanned areas to induce electric polarization and map the resulting 

potential profile corresponding to particles with induced dipole. In order to remove the 

already existing surface charge and to observe only the induced polarization, an AFM 

scan with zero bias was performed first on the same region using a contact mode with a 

grounded tip. We, then, applied positive and negative DC bias at different levels from the 

gold substrate to induce polarization. The surface potential image (Figure 3.17b) at 0 V 

DC bias shows clearly that there is no significant polarization on the PANI sample, but 

Figure 3.17g shows average positive (~ 20 mV) polarization at 0 V DC bias on the 

surface of the STO/PANI composites. One possibility of this positive polarization of the 

composite at no bias voltage is due to the influence of PANI matrix of highly positive 

charge. STO nanoparticles can be polarized under the strong positive field of the matrix. 

After applying DC bias to +1 V on the surface, the positive polarization of both PANI 

(Figure 3.17c) and composites (Figure 3.17h) increased, to average of ~20 mV and ~100 
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mV respectively, indicating a synergistic polarization effect. When a negative bias of -1 

V DC was applied, a nearly inverted image of PANI was observed (Figure 3.17d vs. 

Figure 3.17c), indicating clearly that the polarization direction of PANI was reversed by 

the external electrical field. However, the SP image of the composite (Figure 3.17i) 

retained some positive polarization but at a much lower level than the case without bias 

(Figure 3.17g). Thus, a -1 V bias was not sufficiently high to completely reverse the 

direction of SP (20 mV) originally existed in the composite. 

  With the coercive bias of STO (~3 V), the negative bias (-1 V) is not sufficient to 

invert the polarization of STO. PANI as a good electronic conductor was readily 

polarized at -1 V. Figure 3.18 shows the comparison of PANI at 1 V (a) and STO/PANI 

composites at 0 V (b) and 1 V (c). Polarization of the   composites at 1 V bias is 100 mV, 

a much higher value than that for PANI of 20 mV at the same bias. Thus, at a bias much 

lower than the STO coercive voltage of 3 V, the composite show large polarization. It is 

concluded that this novel core-shell structure combines atomic and electronic 

polarizations in one element of nanometer scale and exhibits synergistic electronic 

polarization properties. 
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Scheme 3.5 Schematic structure of the nano-composite of high-k STO nanoparticles in 
conductive polymer PANI matrix. 

 

                                               

Figure 3.16 TEM images of STO/PANI nanocomposites with weight ratio of 2/1. 
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Figure 3.17 Surface potential (SP) KPFM maps of PANI and core-shell 
nanoparticles, STO/PANI composites. AFM topography (brown) and 
surface potential (SP) maps (gray). Scan area: 5 × 5 (PANI) and 10 × 10 µm 
(STO/PANI composites). These maps are from continual scanning in the 
same area with 10 min required for each scan. (a, f) Topological AFM image of 
PANI particles and STO/PANI composites with average height 80 and 130 nm, 
respectively. (b~d, g~i) SP images for the same area of PANI particles (a) and 
STO/PANI composites (f) with (b, g) 0 V DC bias, (c, h) +1 V DC bias and (d, i) -1 V 
DC bias. Delta height ∆Z=50 nm. 
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Figure 3.18 Comparison of surface potential (SP) KPFM maps of PANI and 
composites. PANI at 1 V (a) and core-shell nanoparticles, STO/PANI composites, at 0 V 
(b) and 1 V (c). 
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Chapter 4 Conclusion and Perspectives 

Nanoscience represents an extraordinarily broad and important area, allowing the 

convergence of diverse fields to explore potential applications involving the 

manifestations of processes in nanometer scale. This dissertation reports significant 

findings on two recently very active nanoscience investigations: multiferroic 

nanomaterials and core-shell conducting polymer nanospheres. The systems investigated 

range from pure inorganic crystal, organic polymer to organic/inorganic hybrid. A new 

efficient methodology for preparation of multiferroic by spin-casting drops of precursor 

solution on substrates, followed by heating at 600 ºC, was discovered. The electric and 

magnetic orderings of BFO were also observed to be induced by the application of 

electric, magnetic, and optic stimulus.  

  An interfacial polymerization was used to prepare the core-shell nanospheres for 

controlled release with poly(3, 4-ethylenedioxythiophene), PEDOT, as shell. The room 

temperature ionic liquid (RTIL) as core is a promising material as carrier for chemical 

and biology applications. The significant volume change of PEDOT shell having RTIL 

core triggered by pH stimulation may lead to new applications, such as in biomedical 

technology. The size of nascent PEDOT nanospheres can be controlled in the range from 

75 nm to 400 nm for various purposes. Cargos can be either loaded on core or shell of the 

nanosphere, depending on their hydrophilic or hydrophobic nature. In addition, an 

unusual synergistic electric property was observed for nanospheres with high-k STO 

crystals embedded in conductive polyaniline matrix.  
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Our new synthetic methodologies based on a single precursor solution have great 

advantages over the existing methods for the preparation of uniform multiferroic 

nanocrystal BFO thin film. Our findings of “electric-magnetic-optic” room temperature 

couplings in BFO are expected to have potentially a broad impact on extending the 

development of multiferroics in nanotechnology applications. For example, the efficient 

electric-field control of magnetism could yield entirely new devices, such as multiphase 

data storage, spintronics and high-frequency magnetic elements; the electric control is far 

more precise than direct magnetic control.1, 2 Further effort on investigating the 

interaction among light, electric, and magnetic polarization will advance multiferroic to 

the level of a rich source for exploring fundamental EM phenomenon in nanoscale. A 

biocompatible soft template synthesis based on, “RTIL with conducting polymer”, was 

successful in providing core-shell nanospheres with good control release behavior. This 

nanosphere system can be extended to serve as a model for targeted control delivery with 

functionalized shell, e.g. using PEDOT copolymerization with comonomer having 

specific affinity for intended sites.3  

The electric polarization behaviors in nanospheres with high-k nanocrystals 

embedded in conductive medium requires further systematic studies including size and 

dielectric constant of the particles, properties of the conductive matrix and the nature of 

the interface. This unique assembly can also serve as a model to study the basic physics 

of Lorentz field.4, 5  
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