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ABSTRACT

Global water shortages due to rapidly shrinking clean water reserves, increasing industrial activity, and growing world population, is one of humanity’s biggest challenges that requires immediate attention. Over the years,
our water resources in particular, have witnessed severe contamination
with domestic wastes, insecticides and herbicides, food processing waste,
pollutants from livestock operations, volatile organic compounds (VOCs),
heavy metals, chemicals waste, and many other hazardous substances.
Conventional water treatment in a wastewater treatment plant WWTP,
has proven to be highly inefficient in removing many of these problematic
contaminants. Due to this, these hazardous pollutants are released without
sufficient treatment into our rivers and lakes. One of the most promising
new technologies to purify water is the advanced oxidation process that
relies on the in-situ generation of highly reactive radicals, such as the
hydroxyl radicals, using UV-hydrogen peroxide (H2 O2 ), ozone-H2 O2 , or
heterogeneous photocatalysis. Unfortunately, these new technologies have
many drawbacks that limit their practical use, such as high operational
costs, use of energy intensive UV lamps, or use of highly oxidizing and
corrosive fuels like ozone and H2 O2 .
The goal of this thesis is to address some of the limitations of current
water treatment approaches by developing a new class of smart materials that can deliver efficient water remediation by exploiting clean energy
sources. Additionally, these materials should demonstrate good reusability
and cost-effectiveness.
In the first chapter, the need for enhanced water remediation is introduced by shedding light on the growing water contamination crisis.
Additionally, limitations of conventional water treatment strategies in efficiently eliminating various organic contaminants are presented. This is
followed by discussing the outline of the thesis.
In the second chapter, the state-of-the-art in using micro- and nanotechnology for environmental remediation is discussed. Various fabrication
v

techniques employed in fabrication of micro- and nanorobots for water
remediation is presented. In this chapter, many examples of micro- and
nanodevices for removal of oil, heavy metals, and degradation of organic
pollutants is presented.
In the third chapter, use of visible-light activated, micro- and nano photocatalysts for organic pollutant degradation is presented. First, the working
mechanism behind photocatalysis is presented, followed by discussing the
various progresses made so far in using novel photocatalytic materials for
organic pollutant decomposition. Next, three types of novel UV-visible
light photocatalysts that were developed in thesis are discussed. These
include, bismuth oxide-bismuth oxychloride heterojunctioned microrobots,
core-shell platinum-palladium@titanium dioxide tubular nanorobots, and
finally, the bio-templated core-shell iron oxide@titanium dioxide microhelical robots. The photocatalysts presented in this chapter were activated in
the presence of UV-visible light or direct sunlight, to create radical species
for successful degradation of a variety of organic pollutants, without employing any harmful fuels. Moreover, these photocatalysts demonstrated
excellent chemical stability, good reusability for multiple cleaning runs,
cost-effectiveness, and easy separation after use. Additionally, the photocatalysts developed in this chapter could be remotely controlled and precisely
steered by using wireless magnetic fields to enhance their photocatalytic
cleaning performance.
In the fourth chapter, use of mechanical stress activated, nano piezocatalysts for organic pollutant degradation is presented. First, the working
mechanism behind piezocatalysis is explained, followed by discussing the
various progresses made so far in using novel piezocatalytic materials for organic pollutant degradation. In this chapter, novel piezocatalysts composed
of bismuth ferrite (BiFeO3 ) are discussed. Additionally, the piezocatalysts
developed in this study also demonstrated excellent visible-light photocatalytic properties. These BiFeO3 based piezo-photocatalysts exhibited
enhanced organic pollutant degradation when the stimuli of UV-visible
light and mechanical deformations were applied to them, simultaneously.
Moreover, these piezo-photocatalysts demonstrated excellent chemical stability, and good reusability for multiple cleaning runs.
In the fifth chapter, developed of a novel class of catalysts that can be
activated by using alternating magnetic fields are presented. First, the workvi

ing mechanism behind using the using magnetic-field induced catalysis
is explained, followed by discussing the state-of-the-art in using magnetic fields to influence chemical reactions. Next, the concept of magnetoelectricity is introduced and examples of its applications for biomedical applications are presented. Finally, development of novel core-shell
cobalt ferrite@bismuth ferrite, CoFe2 O4 @BiFeO3 (CFO@BFO) nanoparticles
for degradation of organic pollutants under alternating magnetic fields is
discussed. These nanoparticles demonstrated a unique ability to develop
transient surface charges when placed under alternating magnetic fields.
These surface charges then participated in a series of redox reactions for
generation of highly reactive radical species. Under the magnetoelectriceffect induced catalysis, these nanoparticles were able to degrade a variety
of organic pigments as well as a cocktail of hazardous pharmaceuticals
with over 85% efficiency. Moreover, these core-shell nanoparticles were also
successful in reducing the toxic heavy metal, hexavalent chromium (Cr (VI))
to the harmless trivalent chromium (Cr (III)) state. The magnetic catalysts
developed in this study also demonstrated excellent chemical stability, and
good reusability for multiple cleaning runs. Moreover, they demonstrated a
good synergy towards degradation of organic pollutants and reduction of
heavy metals, simultaneously.
In Chapter 6, the novel catalysts activated under three different energy sources, including, UV-visible light, mechanical stress, and alternating
magnetic fields, for organic pollutant degradation is presented. CFO@BFO
nanoparticles were successfully activated by these three energy sources,
and showed enhanced degradation performance when these energy sources
were used in a combinatorial manner. Additionally, in this chapter, coreshell CFO@BFO nanoparticles having three distinct shapes were developed
to study the influence of catalyst’s shape on the corresponding organic
pollutant degradation performance.
In chapter 7, the major conclusions drawn from the thesis are presented
and discussed. This is followed by reporting on the outlook and future
perspectives of the carried out during this thesis.
The Appendix presents results obtained from two additional projects
that were conducted during the PhD thesis, where novel materials were
developed for biomedical applications. Appendix A presents the results
obtained by developing smart piezoelectric nanostructures that mimic the
vii

functionalities of eels by generating surface charges during motion. These
surface charges were generated under specific magnetic field parameters
and allowed for targeted and on-demand drug delivery to cancer cells. Appendix B presents the results obtained by developing novel magnetoelectric
inverse-opal scaffolds that are composed of a biodegradable polymer and
CFO@BFO nanoparticles. These scaffolds demonstrated enhanced bone cell
proliferation when placed under alternating magnetic fields, due to the
wireless electrostimulation of cells.
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Z U S A M M E N FA S S U N G

Der weltweite Wassermangel aufgrund rasch schrumpfender sauberer
Wasserreserven, zunehmender industrieller Aktivität und der wachsenden
Weltbevölkerung ist eine der größten Herausforderungen der Menschheit,
die sofortige Aufmerksamkeit erfordert. Im Laufe der Jahre haben vor allem
unsere Wasserressourcen schwere Kontaminationen mit Hausmüll, Insektiziden und Herbiziden, Lebensmittelverarbeitungsabfällen, Schadstoffen
aus Viehbetrieben, flüchtigen organischen Verbindungen (VOC), Schwermetallen, chemischen Abfällen und vielen anderen gefährlichen Substanzen
beobachtet.
Die konventionelle Wasseraufbereitung in einer Kläranlage für Kläranlagen hat sich bei der Entfernung vieler dieser problematischen Verunreinigungen als äußerst ineffizient erwiesen. Dadurch werden diese gefährlichen
Schadstoffe ohne ausreichende Behandlung in unsere Flüsse und Seen
freigesetzt. Eine der vielversprechendsten neuen Technologien zur Reinigung von Wasser ist der fortschrittliche Oxidationsprozess, der auf der
in situ Erzeugung hochreaktiver Radikale wie Hydroxylradikale (• OH)
unter Verwendung von UV-Wasserstoffperoxid (H2 O2 ), ozone-H2 O2 beruht
oder heterogene Photokatalyse. Leider haben diese neuen Technologien
viele Nachteile, die ihre praktische Verwendung einschränken, wie hohe
Betriebskosten, die Verwendung energieintensiver UV-Lampen oder die
Verwendung von stark oxidierenden und korrosiven Brennstoffen wie Ozon
und H2 O2 .
Das Ziel dieser Arbeit ist es, einige der Einschränkungen der derzeitigen
Wasseraufbereitungsansätze anzugehen, indem eine neue Klasse intelligenter Materialien entwickelt wird, die eine effiziente Wasseraufbereitung
durch Nutzung sauberer Energiequellen ermöglichen. Darüber hinaus sollten diese Materialien eine gute Wiederverwendbarkeit und Kosteneffizienz
aufweisen.
Im ersten Kapitel wird die Notwendigkeit einer verbesserten Wassersanierung eingeführt, indem die wachsende Wasserverschmutzungskrise
beleuchtet wird. Darüber hinaus werden Einschränkungen herkömmlicher
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Wasseraufbereitungsstrategien bei der effizienten Beseitigung verschiedener
organischer Verunreinigungen aufgezeigt. Anschließend wird die Gliederung
der Arbeit diskutiert.
Im zweiten Kapitel wird der Stand der Technik bei der Verwendung von
Mikro- und Nanotechnologie zur Umweltsanierung diskutiert. Es werden
verschiedene Herstellungstechniken vorgestellt, die bei der Herstellung von
Mikro- und Nanorobotern für die Wasseraufbereitung eingesetzt werden.
In diesem Kapitel werden viele Beispiele für Mikro- und Nanogeräte zur
Entfernung von Öl, Schwermetallen und zum Abbau organischer Schadstoffe vorgestellt.
Im dritten Kapitel wird die Verwendung von sichtbarem Licht aktiviert, Mikro- und Nanophotokatalysatoren für den Abbau organischer
Schadstoffe vorgestellt. Zunächst wird der Arbeitsmechanismus hinter
der Photokatalyse vorgestellt. Anschließend werden die verschiedenen
Fortschritte diskutiert, die bisher bei der Verwendung neuartiger photokatalytischer Materialien für den Abbau organischer Schadstoffe erzielt
wurden. Als nächstes werden drei Arten neuartiger UV-sichtbares LichtPhotokatalysatoren diskutiert, die in dieser Arbeit entwickelt wurden.
Dazu gehören Bismutoxid-Bismutoxychlorid-hetero-modifizierte Mikroroboter, rohrförmige Nanoroboter aus Platin-Palladium@-Titandioxid-CoreShell und schließlich die mikroscheligen Roboter aus Bio-Templat-CoreShell-Eisenoxid@Titandioxid. Die in diesem Kapitel vorgestellten Photokatalysatoren wurden in Gegenwart von sichtbarem UV-Licht oder direktem Sonnenlicht aktiviert, um Radikalarten für den erfolgreichen Abbau einer Vielzahl organischer Schadstoffe zu erzeugen, ohne schädliche
Brennstoffe einzusetzen. Darüber hinaus zeigten diese Photokatalysatoren
eine ausgezeichnete chemische Stabilität, gute Wiederverwendbarkeit für
mehrere Reinigungsläufe, Kosteneffizienz und leichte Trennung nach der
Verwendung. Darüber hinaus können die in diesem Kapitel entwickelten Photokatalysatoren ferngesteuert und präzise gesteuert werden, indem
drahtlose Magnetfelder verwendet werden, um ihre photokatalytische Reinigungsleistung zu verbessern.
Im vierten Kapitel wird die Verwendung von mechanisch spannungsaktivierten Nano-Piezokatalysatoren für den Abbau organischer Schadstoffe
vorgestellt. Zunächst wird der Arbeitsmechanismus hinter der Piezokatalyse erläutert, gefolgt von der Erörterung der verschiedenen Fortschritte,
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die bisher bei der Verwendung neuartiger piezokatalytischer Materialien
für den Abbau organischer Schadstoffe erzielt wurden. In diesem Kapitel
werden neuartige Piezokatalysatoren aus Bismuthferrit (BiFeO3 ) diskutiert.
Darüber hinaus zeigten die in dieser Studie entwickelten Piezokatalysatoren
auch hervorragende photokatalytische Eigenschaften für sichtbares Licht.
Diese BiFeO3 -basierten Piezo-Photokatalysatoren zeigten einen verstärkten
Abbau organischer Schadstoffe, wenn die Stimuli des sichtbaren UV-Lichts
und mechanische Verformungen gleichzeitig auf sie angewendet wurden.
Darüber hinaus zeigten diese Piezo-Photokatalysatoren eine ausgezeichnete chemische Stabilität und eine gute Wiederverwendbarkeit für mehrere
Reinigungsläufe.
Im fünften Kapitel wird eine neuartige Klasse von Katalysatoren vorgestellt,
die unter Verwendung alternierender Magnetfelder aktiviert werden kann.
Zunächst wird der Arbeitsmechanismus der Verwendung der Magnetfeldinduzierten Katalyse erläutert, gefolgt vom Stand der Technik bei der Verwendung von Magnetfeldern zur Beeinflussung chemischer Reaktionen. Als
nächstes wird das Konzept der Magnetoelektrizität vorgestellt und Anwendungsbeispiele für biomedizinische Anwendungen vorgestellt. Schließlich
wird die Entwicklung neuartiger Core-Shell Cobaltferrit@Bismuthferrit,
CoFe2 O4 @BiFeO3 (CFO@BFO) Nanopartikel zum Abbau organischer Schadstoffe unter alternierenden Magnetfeldern diskutiert. Diese Nanopartikel
zeigten eine einzigartige Fähigkeit, unter wechselnden Magnetfeldern transiente Oberflächenladungen zu entwickeln. Diese Oberflächenladungen
nahmen an einer Reihe von Redoxreaktionen zur Erzeugung hochreaktiver
Radikalspezies teil. Unter der Magnetoelektrika-Effekt-Katalyse konnten
diese Nanopartikel eine Vielzahl organischer Pigmente sowie einen Cocktail
aus gefährlichen Pharmazeutika mit einem Wirkungsgrad von über 85%
abbauen. Darüber hinaus gelang es diesen Kern-Schale-Nanopartikeln auch,
den toxischen Schwermetall, sechswertiges Chrom (Cr (VI)) auf den harmlosen dreiwertigen Chrom (Cr (III)) -Zustand zu reduzieren. Die in dieser
Studie entwickelten Magnetkatalysatoren zeigten auch eine ausgezeichnete chemische Stabilität und eine gute Wiederverwendbarkeit für mehrere
Reinigungsläufe. Darüber hinaus zeigten sie eine gute Synergie in Bezug
auf den Abbau organischer Schadstoffe und den gleichzeitigen Abbau von
Schwermetallen.
In Kapitel 6 werden die neuen Katalysatoren vorgestellt, die unter drei
verschiedenen Energiequellen aktiviert werden, darunter UV-sichtbares
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Licht, mechanische Beanspruchung und wechselnde Magnetfelder zum
Abbau organischer Schadstoffe. CFO@BFO Nanopartikel wurden erfolgreich durch diese drei Energiequellen aktiviert und zeigten eine verbesserte
Degradationsleistung, wenn diese Energiequellen in kombinatorischer Weise
verwendet wurden. In diesem Kapitel wurden außerdem Core-Shell CFO@BFO
Nanopartikel mit drei unterschiedlichen Formen entwickelt, um den Einfluss der Katalysatorform auf die entsprechende Degradationsleistung
organischer Schadstoffe zu untersuchen.
In Kapitel 7 werden die wichtigsten Schlussfolgerungen aus der Arbeit vorgestellt und diskutiert. Anschließend wird über die Perspektiven
und Zukunftsperspektiven der in dieser Arbeit durchgeführten Arbeiten
berichtet.
Im Anhang werden die Ergebnisse vorgestellt, die in zwei weiteren
Projekten während der Doktorarbeit durchgeführt wurden, in denen neuartige Materialien für biomedizinische Anwendungen entwickelt wurden.
Anhang A enthält die Ergebnisse, die durch die Entwicklung intelligenter
piezoelektrischer Nanostrukturen erzielt wurden, die die Funktionalitäten
von Aalen imitieren, indem sie Oberflächenladungen während der Bewegung erzeugen. Diese Oberflächenladungen wurden unter spezifischen
Magnetfeldparametern erzeugt und ermöglichten die gezielte und bedarfsgesteuerte Abgabe von Medikamenten an Krebszellen. Anhang B zeigt
die Ergebnisse, die durch die Entwicklung neuartiger magnetoelektrischer
Inversopal-Gerüste erhalten wurden, die aus einem biologisch abbaubaren
Polymer und CFO@BFO Nanopartikeln bestehen. Diese Gerüste zeigten
eine gesteigerte Proliferation der Knochenzellen, wenn sie unter wechselnden Magnetfeldern angeordnet wurden, und zwar aufgrund der drahtlosen Elektrostimulation von Zellen.
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1
INTRODUCTION

Environmental pollution is one of the biggest challenges facing the welfare
of our planet. Environmental pollution is defined as “the contamination
of the physical and biological components of earth/atmospheres system
to such an extent that normal environmental processes are adversely affected”. [1], [2] These pollutants can be naturally occurring substances or
synthetically engineered materials.
Rapid industrialization, population growth, urbanization, shortage of
clean water resources, and global warming, are some of the main factors
responsible for increasing levels of environmental pollution. These factors have resulted in stretching the use of our natural resources to the
maximum. [3], [4] Over the years, our water resources in particular, have
witnessed severe contamination with insecticides, pesticides, herbicides,
personal care products, hormones, volatile organic compounds, heavy metals, and many other hazardous substances. [5]–[7] It is estimated that more
than 4 billion people have little to no access to clean water and more than
14,000 deaths are reported daily due to waterborne diseases, such as typhoid, amebiasis, and giardiasis. [8], [9] In developing countries, drinking
polluted water and poor sanitation are linked to transmission of diseases
such as cholera, diarrhea, dysentery, hepatitis A, typhoid and polio. For
instance, some 842,000 people are estimated to die each year from diarrhea
as result of drinking unsafe drinking water and almost 240 million people
are affected by schistosomiasis, an acute and chronic disease caused by
parasitic worms contacted through exposure to infested water. [10]
Drinking water contaminated with organic chemicals and heavy metals
has been strongly linked to many hazardous side-effects on human health
such as prostate cancer, hormonal imbalances, disruptions in reproductive
processes, and damage to the nervous system. [11]–[14] For instance, drinking water contaminated with heavy metals such as, chromium and mercury
can result in slower growth and development, reproductive disruptions,
and even death. [15], [16] High levels of nutrients in water, such as nitrogen
and phosphates, can result in overgrowth of toxic algae. These toxic algae
serve as the main source of nutrient for various terrestrial and aquatic
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plants, and hence, eventually bio-accumulate in our food chain. [17]–[19]
Even in developed countries, we are witnessing an alarming contamination of our surface and groundwater ecosystems with micro-pollutants
(MPs) such as antibiotics, pesticides, estrogens and pharmaceuticals. [20],
[21] Many of these substances are designed to be biologically active and,
hence, can effect sensitive aquatic organisms even at very low concentrations (ng L−1 to µg L−1 ). [22], [23] For instance, endocrine aberrations, such
as feminization of male fish and reproductive disruptions on fertilization
and survival rate of eggs of fish and mussel populations at polluted sites
have been observed. [24]–[26] Gene expression associated with cellular
detoxification was observed in brown trout. Gammarid populations lacked
young individuals, indicating impaired reproduction or increased mortality
among juveniles. [27], [28] The diversity of macroinvertebrates, which are
highly sensitive to pesticides, was significantly reduced in surface waters
that were downstream from wastewater treatment plants. Besides exhibiting adverse effects on aquatic life, these MPs can also have detrimental
effects on humans upon long exposures during reactional use of surface
waters and drinking water consumption. These MPs are highly persistent,
non-biodegradable, and bio accumulate in our food chain, and hence, have
resulted in complications such as hormonal imbalance, reproductive impairments, and genotoxic effects in humans. [29] Antibiotic resistance is
another negative side-effect of MP related global crisis, which is caused by
their widespread use and inefficient removal from wastewaters. [30] For
instance high levels of antibiotics and resistant bacteria have been found
in our surface water, which can promote the spread of antibiotic resistance
genes in receiving waters. Antibiotic resistance results in 25,000 deaths in
Europe and 23,000 deaths in the United States, annually, and these numbers
are expected to rise exponentially in the coming years. [31], [32]
Conventional water treatment in a wastewater treatment plant (WWTP)
mainly consists of a pre-treatment step, followed by primary and secondary
water treatment. [33] In this step, water is passed through a gravel chamber
for selling out the grit from water, followed by passing the water through
screens to remove large objects such as stones, matches undigested foods
etc., from the wastewater. After this pre-treatment step, the water is allowed
to sediment in primary settling tanks to remove the grit and any other suspended solids, after which over half of the original solid waste is removed
from wastewater. The secondary treatment, also called the biological stage,
2

uses bacteria to remove dissolved and suspended organic compounds that
contribute to the biochemical oxygen demand (BOD) content of water. [29]
This treatment is performed by indigenous, aquatic microorganisms such as
bacteria and protozoa, in a managed aerobic habitat. These microorganisms
consume biodegradable soluble organic contaminants such as, sugars, fats,
an organic short-chain carbon molecules from human waste, food waste,
soaps, and detergents. [34] After this step, the wastewater is deemed fit
to be released into our surface waters, such as lakes and rivers. However,
these conventional water treatment strategies do not have any significant
effect on removal of many of the problematic organic contaminants. Due to
this, these MPs are released without sufficient treatment into our environment, making the wastewater treatment plants an important pathway for a
continuous input for many of these problematic substances into the aquatic
environment. [35]
These factors have led to a global interest in imposing stricter water
quality standards and reducing the discharge of MPs such as antibiotics
and estrogens into effluents. For example, in German drinking water, over
27 different pharmaceutical substances, in concentration of more than 0.1
µg L−1 , have been identified and up to 150 other problematic MPs have
been detected in total. Among these MPs, radio contrast agents and the
pain killer diclofenac was detected at high concentrations. [36] Due to these
factors, the German Federal Environmental Agency (UBA) is proposing
to install a tertiary water treatment step, to its conventional two-step water treatment process, to drastically eliminate MPs from entering surface
waters. Switzerland adapted the Water Protection Act in March 2014 and
implemented various technical measures on selected municipal WWTPs
to remove 80% of MPs from wastewater by 2040. [37] The current strategy is to upgrade approximately 100 out of the 700 existing WWTPs with
new anti-MP technologies, a massive undertaking that will cost over 1.3
billion CHF. [38], [39] Additionally, the Strategy on Antibiotic Resistance
(StAR) was implemented in 2015 to specifically eliminate antibiotics from
Swiss WWTPs. [40] An alternative strategy is source control by directly
eliminating MPs from the effluents of biotechnology and pharmaceutical
companies and hospital wastes that contain elevated levels of MPs. Treatment of wastewater at the source has the advantage of avoiding dilution
due to mixing with the municipal wastewaters and minimizing their losses
into the environment via sewer leaks or overflows. [41], [42]
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At present, the preferred solutions to remove MPs are ozonation and
the use of powdered activated carbon (PAC). Despite proving effective in
removing many MPs, both of these technologies suffer from many disadvantages such as offering removal of a small range of MPs and being cost
and energy intensive. Additionally, ozonation requires careful handling
due to the highly oxidation nature of ozone (O3 ) gas, and exhibits very
low elimination rates for many problematic ozone-resistant MPs. [43], [44]
PAC treatment, on the other hand, relies on adsorption and not on the
degradation of these harmful MPs and shows poor removal efficiency of
neutral and negatively charged hydrophilic MPs. Besides this, PAC treatment requires a constant renewal of the expensive PAC powder, which
needs to be incinerated after treatment, causing an increase in their carbon
foot-print. [35], [45] These limitations present the need to investigate other
potential technologies that can remove MPs from water more efficiently in
the future.
One of the most promising new technologies to purify water is the photochemical advanced oxidation process that relies on the in-situ generation
of highly reactive radicals, such as the hydroxyl radicals (•OH), using UVhydrogen peroxide (H2 O2 ), O3 -H2 O2 or heterogeneous photocatalysis. [46]
Unfortunately, these new technologies have many drawbacks that limit
their practical use, such as the use of energy intensive UV lamps or use of
highly oxidizing and corrosive fuels like H2 O2 . [47], [48] Additionally, the
best heterogeneous photocatalysts are based on the use of titanium dioxide
(TiO2 )-UV light, which possesses limited photoactivity towards majority of
solar light, a lack in efficiency in turbid fluids, and a poor recovery after
use. [41], [49] Hence, there is a desperate need to design a new class of
smart materials that can exploit multiple and clean energy sources such as
sunlight or mechanical noise in an efficient and combinatorial manner, and
demonstrate good reusability and cost-effectiveness.
1.1

objectives & outline of the thesis

In order to make a positive impact on removing these problematic organic
pollutants and heavy meals from our surface waters, and to circumvent the
above-mentioned limitations of the conventional water treatment process,
the following goals are pursued within the thesis:
1. Identification of novel materials that can perform environmental remediation tasks such as, degradation of highly persistent organic
4

pollutants and removal of toxic heavy metals, in an efficient manner,
while using clean sources of energy.
2. Fabrication of these smart materials using cost-effective strategies that
can be easily scaled-up for large-scale practical applications.
3. Development of materials that can sense their environment and scavenge energy from multiple energy sources, both, individually and
simultaenously, for a versatile cleaning approach.
4. Realization of a highly integrated and easy to use platform that allows
to study the influence of multiple energy sources on these materials,
simultaneously.
The thesis is structured as follows:
Chapter 2 consists of a literature review on the current advancements
in the field of micro- and nanoswimmers for advanced environmental remediation.
Chapter 3 consists of a detailed overview of using the photocatalysis
approach for degradation of organic pollutants. In this chapter, the photocatalytic mechanism and the state of the art are discussed in detail. This is
followed by discussing the results obtained by using visible-light activated,
micro- and nano photocatalytic robots for degradation of organic contaminants.
Chapter 4 consists of a detailed overview of mechanical deformation
induced, piezocatalysis approach for degradation of organic pollutants. In
this chapter, piezocatalytic mechanism and the state of the art are presented
in detail. This is followed by discussing the results obtained by using a
piezo-photocatalyst for organic pollutant degradation under mechanical
deformations, visible light, and their combination.
Chapter 5 consists of a detailed overview of a novel, magnetic-field
induced catalysis approach for degradation of organic pollutants. In this
chapter, the mechanism of magnetoelectric effect-induced catalysis is discussed and the state of the art in this field is presented. This is followed
by discussing the results obtained using magnetoelectric effect-activated
nanocatalysts for degradation of synthetic dyes, and a cocktail for problematic pharmaceuticals, under alternating magnetic fields. Additionally,
5

results obtained by using the magnetoelectric effect for reduction of toxic
heavy metal, hexavalent chromium to less harmful, trivalent chromium are
also discussed.
In Chapter 6 the results obtained by studying the influence of the three
energy sources, i.e. light, mechanical deformations, and alternating magnetic fields, on the nanocatalysts’ degradation performance, are presented.
Additionally, influence of shape on the catalytic degradation performance
of these nanocatalysts is also presented.
Chapter 7 summarizes the most important results and draws corresponding conclusions. Finally, an outlook and a vision for future steps to
be taken are presented.
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2
M I C R O - A N D N A N O S W I M M E R S F O R E N V I R O N M E N TA L
R E M E D I AT I O N

Environmental pollution and shortage of clean water sources are one of the
most pressing challenges that threaten our modern society. Water pollution
caused by the rapidly growing pace of industrialization has resulted in
release of toxic contaminants into our air and water resources. [50] To
combat this global crisis, an efficient environmental remediation strategy
is needed desperately. Conventional methods of water treatment are unable to provide sufficient cleaning efficiency as they are highly limited by
diffusive mass transport that requires external agitation to increase their
performance. [51]–[55] The emerging field of nanotechnology has added
a new dimension to advance these current limitations by providing novel,
self-propelled, micro- and nanoswimmers that can accomplish various complex tasks. Such micro-and nanoswimmers have been carefully designed by
mimicking the swimming characteristics of biological species which swim at
low Reynolds number by moving their cellular appendages. [56]–[58] When
these biological microorganisms swim in swarms they can create turbulent
flows that are strong enough to enhance water mixing. Inspired by this,
various types of artificial micro- and nanoswimmers have been developed to
act as actively moving matter that can enhance mass transfer, which would
otherwise be limited to passive diffusion. [59]–[62] Continuous movement
of these micro- and nanomachines can enhance reaction yields and reduce
water treatment times drastically, by overcoming diffusion-limited reactions,
and by increasing their interaction with the contaminants. [63]–[65]
Early pioneering studies developed micro- and nanomachines that were
peroxide driven microswimmers. [66] Since then, extensive research has
been carried out to explore alternative swimming mechanisms, including
the Marangoni effect, photoinduced motion, and use of electromagnetic,
thermal, light, or ultrasound fields. [67]–[70] These efficiently propelling
swimmers have been endowed with additional capabilities, including cargo
transport, collective and chemotactic behaviors, and so on. These capabilities of micro- and nanoscale swimmers have already been exploited in
diverse fields, such as enhanced drug delivery, energy production, analyti7

Figure 2.1: Time-line showing the progress made development of various selfpropelled micro- and nanoswimmers for environmental applications.Adapted from [76].

cal sensing, and environmental remediation. [71]–[75]
These capabilities of artificial micro- and nanoswimmers have had a
profound influence in the environmental remediation field. In the last
decade, tremendous progress has been made towards development of advanced micro- and nanoswimmers for environmental remediation, with
promising practical applications. Figure 2.1 presents a time-line showing
the progress made in the field of self-propelled environmental micro- and
nanorobots. [76] In 2009, Wang’s group created nanomachines that adjusted
their swimming speed based on the concentration of silver ions in their
vicinity. [77] This advancement was followed by development of functionalized tubular micromachines for removal of oil, and degradation of organic
pollutants using hydrogen peroxide (H2 O2 ). [65], [78], [79] These early efforts represented the first proof-of-concept applications of microswimmers
in water purification, and were followed by many novel efforts aimed at
exploring other potential environmental applications. Most of these studies
used H2 O2 , which is a highly oxidative and corrosive chemical, as the fuel
to propel their micro- and nanorobots. This raised many valid concerns
about their practical applications, and hence, since 2014 many micro- and
nanomachines were developed that use water as the fuel or other environmentally friendlypropulsion mechanisms, such as light or magnetic fields.
Moreover, many efforts have been made to functionalize these micro- and
nanomachines with advanced nanomaterials for improved environmental
8

applications. [67], [80]

2.1

fabrication techniques

Micro- and nanoswimmers are carefully designed by functionalizing them
with materials that can efficiently remove target pollutants as well as enable
their propulsion. Apart from the choice of material, the shapes of microand nanoswimmers are also carefully considered with respect to their mode
of propulsion. Majority of microswimmers used for environmental applications are bubble-propelled and have tubular or spherical shapes. These
tubular swimmers are fabricated using two main approaches, i.e. the roll-up
technique or the template-assisted synthesis.
To fabricate rolled-up microswimmers, different functional materials
are deposited with tensile and compressive strain gradients on sacrificial
substrates. Etching of these sacrificial substrates induces a strain release on
the functional materials, resulting in them rolling into tubular structures
(Figure 2.2 (a)). [81], [82] For template-assisted synthesis, functional materials are deposited inside the cavities of polycarbonate or anodized aluminum
oxide (AAO) templates which have micro- or nanosized pores or conical
shapes (Figure 2.2 (b)). After deposition, the templates are wet etched, fully
releasing the micro- or nanotubes. Using this approach various environmental swimmers have been fabricated with finely tuned dimensions and are
composed of electrodeposited polymers, metals, or graphene layers, that
act as functional materials for pollutant removal. This is followed by a sequential deposition of an inner catalytic layer that enables their propulsion.
These catalysts include materials such as platinum (Pt), palladium (Pd) or
manganese oxide (MnO2 ), which subsequently catalyse the decomposition
of hydrogen peroxide to form oxygen bubbles. The release of these oxygen
bubbles propels the tubular microswimmers in the forward direction.
Apart from tubular shapes, rod-like micro-and nanorobots have also
been fabricated with bimetallic compositions to swim using the self-electrophoresis
or self-diffusiophoresis mechanisms. [83] Additionally, external magnetic
fields have also been employed to propel these micro- and nanorobots
wirelessly by functionalizing them with a ferromagnetic component. Use
of ultrasounds have also been successfully demonstrated to propel rodlike microswimmers by creating local pressure gradients. [78] Apart from
9

Figure 2.2: Fabrication strategies employed to develop advanced micro- and
nanoswimmers. (a) Roll-up technique, (b) template-assisted synthesis,
(b), physical vapor deposition, and (d) assembly of nanoparticles.
Adapted from [57].

high-aspect ratio microstructures, spherical microswimmers have also been
fabricated by using solid spheres that are coated on one side using physical
vapor deposition technique (Figure 2.2 (c)). The resulting Janus particles
are usually coated with a catalytic or noncatalytic material for propulsion,
followed by a functional material that targets pollutants. When a catalytic
material (such as Pt or Pd) is used, the microswimmers are propelled
by diffusiophoresis mechanism, where a fluid flow is created around the
microswimmers due to the constant diffusion of product molecules. [84]
Noncatalytic materials are propelled by hydrogen bubbles formed during
the reaction of magnesium (Mg) with water. [85] Recently, use of nanoparticle aggregation and their self-assembly was demonstrated to fabricate
microswimmers ((Figure 2.2 (d)). [86] External surface of all of these microand nanoswimmers is covered with functional materials that are capable
of degrading organic pollutants or removing them through absorption.
Besides environmental remediation, micro- and nanoswimmers have also
been studied for environmental sensing and monitoring applications, and
for killing pathogenic organisms, such as E. Coli bacteria.
2.2

micro- and nanoswimmers for removal of oil

Oil spills are a major environmental hazard with well-known detrimental effects on the health of aquatic population. Self-propelled micro-and
nanorobots can be a promising candidate to capture and remove oil particles. In this direction, many works have been explored to use functionalized
10

Figure 2.3: Schematic illustration showing seawater-driven microswimmers for
oil removal. Adapted from [87].

micro- and nanoswimmers that can efficiently collect oil droplets once they
come in contact with them. Gao et al, developed seawater-driven Janus
microswimmers that are propelled using hydrogen bubbles formed during
the reaction of Mg with water (Figure 2.3). [87] These microswimmers
contain a nickel segment to enable their magnetic separation and collection
after water cleaning, as well as a gold segment which is functionalized with
self-assembled monolayers of long-chain alkanethiols for ’on-the-fly’ absorption of oil molecules. Despite the promising results, self-consumption of
Mg during the microswimmers’ motion resulted in a very short lifetime of
10-15 mins. Additionally, Guix et al. developed gold-platinum based microtubular robots that were propelled using hydrogen peroxide, and removed
oil molecules through functionalization of the gold layer. [79] Mou et al.
developed manganese ferrite (MnFe2 O4 ) based microswimmers that were
functionalized with oleic acid to capture oil molecules. [88] In this study,
MnFe2 O4 also served as the catalytic component that enabled propulsion
through decomposition of hydrogen peroxide fuel. To steer away from the
use of hydrogen peroxide, Zhao et al. fabricated polymeric capsules that
were magnetically controlled, and propelled via the Marangoni effect. [70]
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Figure 2.4: Microswimmers for organic pollutant removal using H2 O2 as fuel.
(a) Fe/Pt microrobots for degradation of synthetic dye. (b) CoFe2 O4
and (c) MnO2 microrobots for degradation of organic pollutants. (d)
zirconia-graphene microrobots for removal of nerve agents. Adapted
from [65], [86], [89], [90].

2.3

micro- and nanoswimmers for degradation of organic
pollutants

Large quantities of organic pollutants such as pharmaceuticals, insecticides,
pesticides, synthetic dyes, are released into our surface waters on a daily
basis. These organic pollutants are non-biodegradable, carcinogenic, mutagenic, and highly toxic to humans as well as to the aquatic ecosystem.
Advanced oxidations processes (AOPs) are highly effective in degrading a
wide variety of organic contaminants by generating highly oxidative, and
non-selective radical species (OH•, O2 •− ) during the reaction. Among these
AOPs, Fenton reaction and photocatalysis have been the two widely studied
12

approaches for organic pollutant degradation.
During Fenton reaction, iron-rich compounds react with hydrogen peroxide under acidic conditions and generate OH•, O2 •− radicals for oxidation and degradation of organic pollutants. [91] Figure 2.4 (a) presents
an example of Fenton reaction induced degradation of organic pollutant,
rhodamine 6G (R6G) using Fe/Pt microrobots. [65] In this work they were
able to remove almost 100% of the organic pollutant using continuously
propelled microswimmers. In contrast, the static FePt tubes achieved only
50% degradation. A similar approach was demonstrated by Parmar et
al. by using less expensive cobalt ferrite (CoFe2 O4 ) based, self-assembled
microswimmers that were able to degrade tetracycline, an antibiotic, by
using hydrogen peroxide generated radical species (Figure 2.4 (b)). [86]
Besides iron, other transition-metal oxides such as MnO2 have also been
used to carry out Fenton-like reactions to degrade organic dyes. In this case,
hydrogen peroxide was used as the fuel to propel these microrobots, as well
as to form radical species for simultaneous degradation of two textile dyes,
R6G and methylene blue (MB) (Figure 2.4 (c)). [89] Additionally, Singh et
al, reported zirconia (ZrO) and graphene based tubular microrobots for
removal of various extremely toxic organophosphate compounds using
absorption. These microswimmers were functionalised with an inner layer
of platinum to propel them under hydrogen peroxide environment (Figure
2.4 (d)). [90] By combining ZrO with graphene, they were successful in
removing nerve agents such as methyl-paraoxon (by 91%), ethyl-paraoxon
(by 70%), and bis-4-nitrophenyl phosphate (by 58%), via acid-base Lewis
interactions.
Recently, there has been a growing trend in the micro- and nanoswimmers based environmental remediation field to shift to alternative strategies
that use clean energy sources and cost-effective materials for propulsion and
cleaning tasks. For instance, Tao et al. demonstrated use of biocompatible
zerovalent iron (Fe0 ) based nanoswimmers that were easily batch-fabricated
and utilized for degradation of organic dyes (Figure 2.5 (a)). [92] When these
Fe0 based nanoswimmers were placed in a dilute citric acid solution with a
surfactant, they formed hydrogen bubbles and showed efficient propulsion,
thus, obviating the need to rely of H2 O2 as the fuel for propulsion.
Photocatalysis is another popular approach that has been gaining
widespread popularity for cleaning organic pollutants, which relies on
13

Figure 2.5: Microswimmers for organic pollutant removal using clean fuels. (a)
Zerovalent iron based microswimmers for degradation of organic
dyes. (b) Photocatalytic degradation of nerves agents with seawater
driven micromachines. Photocatalytic degradation of organic pollutants using light and (c) WO3 /Au and (d) TiO2 /Au based Janus
microswimmers. Adapted from [92], [85], [93], [94].

using abundantly available light as its energy source. During photocatalysis, light is used to activate a semiconductor by forming photogenerated
electron-hole pairs on its surface, which eventually react with oxygen and
water molecules to form radical species for degradation of organic pollutants. [93], [95] Hence, in comparison to the Fenton reaction, photocatalysis
does not require any additional fuel (such as H2 O2 ), and is considered
an environmentally friendly approach to degrade organic contaminants.
Li et al, reported use of Mg and titanium dioxide (TiO2 ) based spherical
microswimmers for photocatalytic degradation of toxic, chemical and biological warfare agents (CWA, BWA, respectively) (Figure 2.5 (b). By using
TiO2 , which is one of the most efficient photocatalyst, they were successful
in degrading two nerve agents, i.e. methyl-paraoxon and bis-4-nitrophenyl
phosphate. [85] In the same study, Mg-based microswimmers used seawater
for generating hydrogen bubbles for propulsion. Recently, Zhang et al. de14

veloped light-driven microswimmers composed of gold and tungsten oxide
(WO3 ). [93] WO3 is an excellent photocatalyst, has a small band-gap of 2.4
eV, and exhibits good resistance towards photocorrosion. When these hybrid
Janus microswimmers were placed under light, an asymmetric generation
of electrons and protons results in a self-difussiophoresis induced forward
motion (Figure 2.5 (c). Furthermore, they also reported rapid photocatalytic
degradation of organic pollutants, dichloroindophenol (DCIP) and rhodamine B (RhB) under these self-propelled microswimmers. Similarly, Kong
et al. reported TiO2 /Pt Janus microswimmers that used self-electrophoresis
mechanism for propulsion, and demonstrated photocatalytic degradation
of explosives under a continuous motion (Figure 2.5 (d). [94]
2.4

micro- and nanoswimmers for removal of heavy metals

Presence of heavy metal ions in our surface and drinking water supplies imposes significant detrimental health effects on humans, animals, and aquatic
life. [96] Micro- and nanoswimmers have been designed to remove heavy
metals from their surroundings by functionalizing them with absorptive
materials, chelating agents, and quantum dots. Carbon-based micro- and
nanomaterials are known to be highly effective towards absorbing various
types of heavy metals. Graphene being a carbon allotrope possesses outstanding heavy metal removal properties. Vilela and co-authors developed
graphene oxide-based microswimmers (GOx) for removal of heavy metals
from water. [97] These swimmers were also functionalized with a layer of
nickel (for magnetic separation) and a layer of Pt (to enable propulsion
under H2 O2 ). The graphene oxide on the surface of these microswimmers
acts as a Lewis base due to its oxygen moieties, where the heavy metals
ions such as Pb2+ and Hg2+ act as Lewis acids due to their free atomic orbitals. Hence, in presence of these swimmers heavy metals could be readily
absorbed on their surface. From the plot in Figure 2.6 (a), we can clearly
observe that under propulsion, over 60% of lead was removed. In contrast,
static microswimmers could only remove about 15% of lead. Similarly, activated carbon/Pt Janus microswimmers were developed and propelled
under hydrogen peroxide for rapid removal of heavy metals, nitroaromatic
explosives as well as organophosphorous nerve agents (Figure 2.6 (b). [98]
Moreover, seawater-driven Mg/Ti/Au Janus microswimmers, functionalized with heavy metal chelating agent, meso-2,3-dimercaptosuccinic acid
(DMSA) were developed. [99] These microswimmers showed remarkable
removal rates of heavy metals including cadmium, lead and zinc (Figure
15

Figure 2.6: Microswimmers for heavy metal removal. (a) Graphene oxide, (b) activated carbon, and (c) DMSA functionalized microswimmers for heavy
metal absorption and removal. Biological specimens used for absorption of heavy metals where (d) uses Sporopollenin Exine capsules for
removal of lead and (e) uses magnetic fungi spores for removal of various heavy metals under continuous magnetic propulsion. Adapted
from [97], [98], [100], [101].

2.6 (c)).
Recently, use of biological templates to fabricate water remediation
swimmers has been gaining popularity due to their highly evolved morphology, porous surfaces, and abundant availability. [102]–[104] In 2017,
Wang et al, reported use of Sporopollenin Exine capsules, extracted from
sunflower pollen grains, that are known to exhibit a high affinity for heavy
metal binding. [100] These biological templates were partially covered with
Pt to enable their propulsion under H2 O2 . From the plot in (Figure 2.6 (d)
we can observe that in comparison to static samples, the self-propelling microswimmers displayed enhanced removal of lead. Similarly, in 2018, fungi
spores with a high degree of porous structuring and absorbing components
were reported for removal of heavy metals. [101] These spores were coated
with magnetic nanoparticles (Fe3 O4 ) that enabled use of wireless magnetic
fields to continuously actuate them during the water cleaning process. In
this work, they demonstrated removal of various heavy metals such as
lead, cadmium, mercury, cobalt, and zinc (Figure 2.6 (e)), and showcased
an excellent reuse performance.
16

3
V I S I B L E L I G H T - I N D U C E D C ATA LY S I S

The history of photocatalysis can be traced back to the 1960’s. In 1972,
Fujishima and Honda demonstrated light-assisted water splitting on titanium dioxide (TiO2 ). [105]–[107] This discovery has been recognized
as the landmark event that has resulted in intense research, focused on
understanding fundamental principles of photocatalysis, enhancing photocatalytic efficiency, and expanding the scope of its applications. [108]–[110]
This extensive research has resulted in identification of TiO2 as one of the
most efficient photocatalyst for hydrogen fuel production, detoxification of
effluents, disinfection, and synthesis of organic fuels. [111]–[113]
Unfortunately, due to its wide bandgap (3 eV to 3.2 eV), TiO2 can only
utilize about 5 % of the total solar energy that reaches Earth’s surface.
Due to this major drawback, the past decade has witnessed many efforts
devoted to modifying TiO2 , including, its energy band modulation by
doping it with non-metals (such as nitrogen (N), carbon (C), and sulphur
(S)), [114]–[116] and by constructing heterojunctions with metals or other
semiconductors. [117] Additionally, use of quantum dots and dyes on TiO2 ’s
surface has also been studied to promote better light sensitization. [118],
[119] Simultaneously, investigations have also been carried out on studying
other semiconductors such as, WO3 and strontium titanate (SrTiO3 ), as
possible alternatives to TiO2 . [120]–[122]
3.1

photocatalysis

When a semiconductor is irradiated with light of a suitable wavelength,
electron-hole pairs are photogenerated that initiate or accelerate specific
reduction and oxidation (redox) reactions. If the energy of incident light
is greater than the semiconductors’ bandgap, electrons from the valence
band (VB) of the semiconductor get excited to its conduction band (CB),
leaving behind holes in its VB. In semiconductors, the CB electrons have a
chemical potential of 0.5 V to −1.5 V versus the normal hydrogen electrode
(NHE), hence, they act as reductants. The VB holes are strongly oxidizing
due to their oxidative potential of 1.0 V to 3.5 V versus NHE. [108] Initially,
17

Figure 3.1: Schematic illustration of a typical photocatalytic process and the
various steps involved in it.

the energy of the incident photons is stored in the semiconductor by photoexcitation, followed by their conversion into electron-hole pairs through a
series of electronic processes and surface/interface reactions.
In general, a semiconductor photocatalytic cycle consists of five main
steps: (i) light absoprtion by semiconductor, (ii) formation of photogenerated electron-hole pairs, (iii) migration and recombination of the photogenerated electron-hole pairs, (iv) adsorption of reactants and desorption
of products, and (v) occurrence of redox reaction on the semiconductors’
surface (Figure 3.1). Among these steps, recombination of electron-hole
pairs is a highly undesirable process. During a photocatalytic reaction, the
photogenerated electron-hole pairs can either migrate to the photocatalysts’
surface to initiate redox reactions, or they can recombine and dissipate heat,
leading to a decrease in photocatalytic efficiency. [123]–[125]
To avoid this recombination process, various approaches have been
proposed to efficiently separate the photogenerated electron-hole pairs in
semiconductor photocatalysis, such as doping, metal loading, [126] and/or
introducing heterojunction. [127], [128] Among the proposed strategies,
engineering heterojunctions in phototcatalysts has proven to be one of the
most promising ways for designing advanced photocatalysts due to its feasibility and effectiveness in spatially isolating electron-hole pairs. Towards
this effect, four different types of heterojunctions have been investigated
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Figure 3.2: Schematic illustration of the three different types of conventional
light-responsive heterojunction photocatalysts and their subsequent
effect on separation of electron-hole pairs. (a) Type-I, (b) type-II, and
(c) type-III heterojunctions.

so far, which include the conventional type-II heterojunction, p-n type
heterojunction, surface heterojunctions and direct Z-scheme heterojunctions. [129]–[133] Utilization of Z-scheme photocatalytic system is still in its
developing phase, and so far, only a handful of successful implementations
have been demonstrated towards practical implications. [134]
3.2

state of the art

In the following sections, conventional type-II heterojunctions, p-n type heterojunctions, and surface heterojunctions will be discussed in detail. These
examples of heterojunctions were chosen due to their ease of fabrication,
efficient photocatalytic efficiency, and feasibility for practical environmental
applications.
3.2.1

Conventional Heterojunctions

A heterojunction, in general, is defined as the interface between two different semiconductors with unequal band structures that subsequently results
in their band alignments. Typically, there are three types of conventional
heterojunction photocatalysts, those with a straddling gap (type-I), those
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with a staggered gap (type-II), and those with a broken gap (type-III). In
type-I heterojunction photocatalysts, the CB and VB of semiconductor A
are respectively higher and lower than the corresponding bands of semiconductor B (Figure 3.2 (a)). Hence, under light illumination, the electrons
and holes will accumulate in the CB and the VB of semiconductor B, respectively. Since in the case of type-I heterojunction, both electrons and holes
accumulateon the same semiconductor, the photogenerated electron-hole
pairs cannot be effectively separated. [135]
For type-II heterojunction photocatalyst, the CB and the VB levels of
semiconductor A, are higher than the corresponding levels of the semiconductor B.This will result in transfer of the photogenerated electrons
to semiconductor B, while the photogenerated holes will migrate to semiconductor A, resulting in a spatial isolation of electron-hole pairs (Figure
3.1 (b)) [136], [137] The architecture of type-III and type-II heterojunction
photocatalyst are quite similar, except that the staggered gap in type-III heterojunction is very extreme, resulting in no overlap of the bandgaps. [138]
Therefore, under type-III heterojunction, the electron-hole migration and
separation between the two semiconductors cannot take place, making it
an unsuitable choice to promote separation of electron-hole pairs (Figure
3.1 (c)). Based on this discussion, among the conventional heterojunctions,
the type-II heterojunction is the most effective in suppressing electron-hole
recombination and hence, improving photocatalytic activity. Due to this
reason, enormous efforts have been perused on developing different type-II
heterojunction photocatalysts, such as TiO2 /g-C3 N4 , BiVO4 /WO3 , g-C3 N4 BiPO4 , and so on. [139]–[142] Through these studies it was demonstrated
that type-II heterojunctions photocatalysts exhibit good electron-hole separation efficiency, wide light-absorption range, and a fast mass transfer. [143]
For example, Kshirsagar et al. reported a type-II heterojunction nanophotocatalyst, comprised of TiO2 NPs and copper antimony diselenide
(CuSbSe2 ), which exhibited enhanced degradation of synthetic pigments
under visible light. [145] They observed that the type-II heterojunction
photocatalysts were able to degrade over 75 % of model organic pollutant,
rhodamine B (RhB), whereas pristine TiO2 NPs degraded only 55 % of
RhB under similar conditions. This increase in efficiency demonstrated
by the hybrid photocatalyst was attributed to the enhanced separation
of photogenerated electron-hole pairs. Similarly, Zhou et al., developed a
SnO2 /TiO2 type-II heterojunction photocatalyst for efficient degradation of
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Figure 3.3: Examples of type-I and type-II heterojunctions. (a) Schematic illustration of the photocatalytic mechanism of type-I and type-II heterojunction. [144] (b) Comparison of rate constants of anatase-brookite
composites, where sample A (80 % anatase, 20 % brookite) exhibits
highest efficiency. [129] (c) Schematic illustration showing the chargecarrier separation on anatase-brookite composite samples. [112]

RhB dye under visible light. [146] Wetchakun and co-authors developed a
BiVO4 /CeO2 based type-II heterojunction photocatalyst that was able to
degrade methylene blue (MB) dye with an efficiency of 85 % under visible
light. [147] Ong et al. systematically investigated the photocatalytic activity
of type-I Ag/AgCl/g-C3 N4 and type-II Ag/AgBr/g-C3 N4 heterojunction
photocatalysts for photocatalytic CO2 reduction. [144] It was found that
type-II heterojunction photocatalyst demonstrated superior photocatalytic
reduction of CO2 in comparison to type-I Ag/AgCl/g-C3 N4 heterojunction
photocatalysts. This result was ascribed to the enhanced spatial separation
of electrons and holes in the type-II heterojunction, which resulted in their
accumulation in Ag/AgBr and the g-C3 N4 semiconductors, respectively
(Figure 3.3 (a)). Furthermore, type-II heterojunctions can also be created
between two different phases of a semiconductor. For example, the mixed
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phase of TiO2 , i.e. P25, consists of both anatase and rutile polymorphs
of TiO2 , and is one of the most commercialized photocatalysts due to
its superior charge-carrier separation. This superior property of mixed
phased TiO2 can be explained by the fact that the anatase phase of TiO2
consists of CB and VB levels that are higher than the corresponding levels
of rutile TiO2 . Therefore, a type-II heterojunction photocatalyst is formed
by combining anatase and rutile TiO2 in P25, resulting in an enhancement
of electron-hole separation. For example, Yu et al., developed a dual-phase
TiO2 type-II heterojunction photocatalyst consisting of a mixture of anatasebrookite TiO2 that demonstrated superior photocatalytic activity towards
degradation of acetone, in comparison to the sample containing only a
single phase (anatase) (Figure 3.3 (b)). [129] Figure 3.3 (c) shows the organic
pollutant degradation scheme obtained under dual phase type-II TiO2 based
heterojunction photocatalysts. [112]
3.2.2

p-n Heterojunctions

Despite the fact that type-II heterojunction has undergone substantial
progress in efficiently separating electron-hole pairs, this separation is
still not sufficient to overcome the ultrafast electron-hole recombination rate.
Thus, the concept of p-n heterojunction semiconductor was proposed which
allows for an accelerated electron-hole migration across the heterojunction,
and hence, suppresses their recombination rate by providing an additional
electric field. [148], [149] Specifically, an effective p-n heterojunction phototcatalyst can be obtained by combining a p-type and a n-type semiconductor.
When a p-n heterojunction phototcatalyst is placed in dark, the electrons
in the n-type semiconductor close to the p-n interface diffuse into the ptype semiconductor, leaving behind positive charged species. [150], [151]
Meanwhile, the holes in the p-type semiconductor that are close to the interface will diffuse into the n-type semiconductor, leaving behind negatively
charged species. This electron-hole diffusion will continue until the system
reaches its Fermi level equilibrium. Hence, the region near the p-n interface is charged with an internal electric field. When the p-type and n-type
semiconductors are illuminated with light, both of them can be excited, generating electron-hole pairs. The photogenerated electrons and holes in the
p-type and n-type semiconductors will now migrate under the influence of
the internal electric field, and transfer to the CB of the n-type semiconductor
and the VB of the p-type semiconductor, respectively.This electron-hole
separation in a p-n heterojunction is thermodynamically feasible, as both
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Figure 3.4: Examples of p-n heterojunctions. (a) SEM image showing 5 wt % NiS
nanoparticle loaded CdS nanowires. (b, c) Schematic illustration of
the charge-carrier separation on the nanorods (b), and across the
p-n heterojunction (c). (d) Comparison of photocatalytic activity of
different wt % loaded NiS NPs on CdS nanorods. [131] (e) SEM image
of flower-like NiO and (f) TiO2 NP coated NiO. [135]

the CB and VB of the p-type semiconductor are usually located higher
than those of the n-type semiconductor. [152] Hence, due to the synergy
between the internal electric field and the band alignment, electron-hole
separation in a p-n heterojunction photocatalyst is faster than in a type-II
heterojunction photocatalyt. [153]
Zhang et al., fabricated NiS modified CdS nanowires with p-n heterojunctions that were able to greatly enhance the photocatalytic hydrogenproduction efficiency of CdS. [131] The NiS nanoparticles were randomly
distributed all over the CdS nanowires, allowing for the formation of p-n
heterojunctions that facilitated fast charge transfer between NiS and CdS
(Figure 3.4 (a-d)). Similarly, 2D MoS2 /CdS p-n heterojunction nanohybrid
photocatalysts were developed that demonstrated an enhanced photocat23

alytic hydrogen production efficiency, with a quantum yield of 10.5 %, under
visible light. [154] The hydrogen production rate under the nanohybrids
was 10 times higher than that obtained under pure CdS nanowires. They
attributed this enhancement to the large contact interface between the p-n
heterojunction, caused by the distribution of many NiS nanoparticles all
over the CdS nanowires’ surface, which resulted in enhanced electron-hole
separation. In this direction, many works have investigated creating heterojunctions with large surface area and an abundant number of active sites
for further improving the photocatalytic activity of p-n heterojunction photocatalysts. Yu et al., developed porous p-n heterojunction photocatalysts
composed of NiO microflowers that were decorated with TiO2 NPs (Figure 3.4 (e,f)). These photocatalysts featured a large specific surface, which
provided an abundance of surface active sites for photocatalytic reactions
to take place and hence, exhibited superior photocatalytic activity towards
degradation of p-chlorophenol. [135]
3.2.3

Surface Heterojunctions

It is well established that the different crystal facets present in a single
semiconductor can have different band structures. Since a heterojunction is
formed by combing two semiconductors with different band structures, it
is possible to create a heterojunction between two crystal facets of a single
semiconductor, referred to as a surface heterojunction. [132] For instance,
both theoretical and experimental studies have demonstrated that the CB
and VB levels of the {001} facets of anatase TiO2 are higher than the corresponding levels of the {101} facets. [155] Thus, the electrons and holes
can be spatially separated on the {101} facets for reduction reactions, and
on the {001} facets for the oxidation reactions, respectively (Figure 3.5 (a)).
Hence, Yu et al., fabricated a series of TiO2 anatase samples, with varying
ratios of the exposed {001} and {101} facets. [132], [156] In this study they
demonstrated that the photocatalytic activity of the samples with 55:45 ratio
of the exposed {001} and {101} facets was much higher than the samples
dominated by either {001} or {100} facets. Hence, photocatalytic activity
achieved under these samples was 3.5 times higher than that of commercial
TiO2 (P25) samples (Figure 3.5 (b)).
Furthermore, Li et al. reported BiVO4 with co-exposed {010} and {110}
facets for the spatial separation of photogenerated electrons and holes. The
CB of {110} facets is higher than that of the {010} facets, while the VB of the
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Figure 3.5: Examples of surface heterojunctions. (a) Scheme showing electronhole separation on TiO2 surface heterojunction, (b) plot showing effect
of different facets of TiO2 on their photocatalytic activity. [132], [156]
(c) Selective photodeposition of metals and oxides on {010} and {110}
facets of BiVO4 NPs, respectively [157] (all scales bars: 500 nm).

{010} facets is lower than that of the {110} facets. Due to this, the electrons and
holes tend to migrate to the {101} and {110} facets, respectively. Additionally,
they demonstrated that these samples, preferentially photodeposited metals
such as Pt, Au, and Ag, on the {010} facet, while oxides such as PbO2 and
MnOx photodeposited on the {110} facets (Figure 3.5 (c)).This is because
metals can be easily formed on the electron-rich surface of the {010} facets
(by reduction), whereas metal oxides can be easily formed on the holerich {110} facets (by oxidation). These catalysts also demonstrated a high
photocatalytic activity towards water oxidation. [157]
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Figure 3.6: SEM images of porous photocatalysts. (a) BiOI micospheres and their
enhanced photocatalytic degradation. [163] (b) High surface area
TiO2 nanoforest for enhanced solar water splitting. [164] (Scale bars
are 10 µm and 1 µm). (c) Sea urchin-like Fe3 O4 @TiO2 @Ag NPs, [165]
(d) hollow TiO2 -Ag NPs, [166] and (e) Fe2 O3 @TiO2 [167] (scale bar
200 nm).

3.2.4

Morphology control

Emergence of nanomaterials as photocatalysts has given rise to diverse and
flexible ways of promoting photocatalytic efficiency. Reducing the particle
is generally beneficial for surface-dependent photocatalysis as it leads to
quadratic growth in the specific surface area, and hence increases the reactive sites. [158], [159] Smaller particle size also ensures that the charges
migrating to the surface have to travel favorably shorter distances. This
migration requires a suitable concentration gradient or potential gradient
from the center of the particle to its surface, which is closely correlated with
the morphology, and surface properties of these nanomaterials. [160]–[162]
Many strategies have been developed to fabricated porous phototcatalysts that are endowed with a high surface area, and a controllable morphology at micro- and nanoscales. [168]–[170] Some of the prominent strategies
include, soft and hard templating methods, where a sacrificial template is
employed as a mold to prepare porous nanostructures with controllable
morphology and tailored textures, followed by removal of this sacrificial template. [171] Another prominent strategy is the self-organization of
nanobuilding blocks, which has recently emerged as a versatile and facile
bottom-up approach to construct 3D porous photocatalyst. The preparation
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is generally carried out using hydrothermal synthesis to initiate nucleation
and crystal growth to form nanobuilding blocks, followed by spontaneous
assembly of these blocks under controlled conditions. [166], [172], [173]
Additionally, using etching techniques under hydrothermal synthesis conditions has further resulted in development of hollow as well as porous
nanocatalysts. [174] For instance, Xia et al. fabricated bismuth oxyiodine
(BiOI) based porous microspheres for enhanced photocatalysis. [163] They
used hydrothermal synthesis and an ethylene glycol assisted templating
method to obtain flower-like porous spheres. They revealed that the porous
BiOI microspheres were able to remove 100 % of organic pollutant, whereas,
non-porous BiOI nanoplatelets could only degrade 40 % of the pollutant,
under similar conditions (Figure 3.6 (a)).
Liu et al. developed a new fabrication protocol for synthesis of Si
nanowires decorated with TiO2 nanoforest, for direct solar water splitting
(Figure 3.6 (b)). [164] Zhao et al. reported novel nano-sized sea urchin-like
Fe3 O4 @TiO2 @Ag nanocomposites for efficient photocatalysis (Figure 3.6
(c)). [165] These photocatalysts were characterized by their tunable cavity size, adjustable shell layer of TiO2 nanofibers, high structural stability,
and, a large specific surface area. Wang et al., fabricated hollow TiO2 -Ag
nanospheres using hydrothermal synthesis, followed by calcination (Figure 3.6 (d)). [166] Similarly, Dekrafft and co-workers used highly porous
metal-organic-frameworks (MOFs) as templates to design new photocatalyts
consisting of Fe2 O3 and TiO2 for enhanced visible light-driven hydrogen
production from water (Figure 3.6 (e)). [167]
Apart from controlling the surface size and porosity of heterojunction
photocatalysts, it is also important to appropriately design the architecture of these heterojunctions. Majority of the advanced photocatalysts with
heterojunctions are formed either by introducing randomly distributed
nanoparticles of a semiconductor onto another semiconductor (composite),
or by creating a core-shell heterojunction (Figure 3.7 (a), (b)). In the last
decade, extensive investigations have been conducted in developing heterojunctions by creating composite structures where a second semiconductor
was introduced in the form of nanoparticles. This line of research was
pursued due to the simplistic techniques involved in depositing randomly
distributed nanoparticles on a variety of photocatalysts. However, recently
many studies have critisized use of such nanocomposites due to their small
interface area between the two components. This consequently results in
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Figure 3.7: Scheme showing two different architectures of a heterojunction photocatalyst with (a) showing a composite heterojunction and (b) depicting
a core-shell heterojunction. (c) Composite nanowire showing a TiO2
nanowire decorated with Ag2 O NPs. [175] Core-shell photocatalysts
showing (d) Fe3 O4 @TiO2 @Au microspheres [176] and (e) Pt@TiO2
nanoflowers. [177]

excessive electron-hole recombination rate caused by the long distances
that need to be travelled by charge carriers to reach the interface. In contrast, a core-shell architecture between two heterojunction photocatalysts
benefits from a higher interfacial contact between the two photocataylsts.
Moreover, by confining the photoinduced electrons and holes in two separate components (core and shell), a higher suppression of electron-hole
recombination can be achieved. Figure 3.7 (c) presents an example of the
composite architecture, where many Ag2 O NPs are randomly distributed
on a TiO2 nanowire’s surface. [175] Figures 3.7 (d) and (e) present examples
of core-shell Fe3 O4 @TiO2 and Pd@TiO2 nanostructures, respectively, from
where we can observe presence of a uniform TiO2 shell grown around a
core. [176], [177]

3.3

bismuth oxide-bismuth oxychloride heterojunctioned
microstructures

In this work, we have developed 3D hybrid microstructures consisting of
a short ferromagnetic CoNi segment for wireless magnetic control, coupled to a photocatalytic Bi2 O3 /BiOCl segment for water remediation under
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UV-visible light. These hybrid microstructures (pillars and helices) were fabricated using 3D photolithography and template-assisted electrodeposition,
followed by in situ creation of a Bi2 O3 /BiOCl heterojunction after oxidation
of Bi. This heterojunction is not only active under a wider solar spectrum
but also ensures sufficient charge separation and hence low electron–hole
recombination rate. As a result, these hybrid microstructures were able to
degrade rhodamine B dye with a 90% efficiency in 6 hours. On application
of magnetic fields we were able to precisely control the structures and
collect them for reuse. Cytotoxicity tests were performed on our hybrid
structures and a 95% cell viability was reported showing that our structures
are biocompatible.
3.3.1

Introduction

Rapid industrialization, population growth and long periods of drought are
imposing an increasing demand on clean water sources worldwide. [178] It
is estimated that 4 billion people have little to no access to clean water and
millions of people die from waterborne diseases each year. [179] This makes
the development of low-cost, green, and highly efficient water treatment
techniques of utmost importance. Currently available water cleaning techniques such as adsorption and coagulation merely concentrate and transfer
the pollutants to other phases without actually degrading them. [9], [124],
[180] Other conventional water purification techniques include sedimentation and filtration, both of which, apart from being very expensive, also
generate toxic secondary pollutants back into the environment. [181] Chlorination is one of the most widely practiced water disinfection processes,
but it generates mutagenic and carcinogenic by-products that are harmful
to the human health. [178], [182] These are the reasons why the field of
“Advanced Oxidation Processes” (AOPs) for water purification is of intense
current interest. AOPs are based on the in-situ generation of highly reactive
transitory species such as the hydroxyl and superoxide radicals (OH• and
O2•− , respectively) for degradation of organic compounds, pathogens and
disinfection by-products. [183]–[185] Among these AOPs, heterogeneous
photocatalysis has proven to be a cheap, efficient and green water remediation technique that works under ambient temperature and pressure and
completely degrades the pollutants into harmless products like CO2 and
H2 O. [185]–[188]
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Heterogenous photocatalytic materials based on TiO2 have attracted
significant research in recent years since, they have a high quantum yield
due to their large band-gap. These wide band-gap materials are popular,
because they provide sufficient charge separation between the photogenerated electron-hole pairs. However, they have a major disadvantage of
only being functional under UV light, which accounts for just 5% of the
total solar spectrum. Hence, additional solutions such as doping or creating complex heterojunctions between different semiconductors having
unequal band gaps are needed to make use of these materials under visible
light. [154], [189], [190] To circumvent these challenges and to utilize solar
energy more efficiently, great efforts have been made to develop materials
that can harvest a wide spectrum of visible light. [191] Visible-light induced
photocatalysts are one of these materials, since visible light accounts for
48% of the total solar spectrum. [192] In this area, bismuth oxide (Bi2 O3 )
is a promising visible light photocatalyst with a band gap of 2.8 eV. It also
possesses unique optical and electrical properties, is biocompatible, and
is capable of being fabricated by electrochemical means. [193] However,
using Bi2 O3 for practical applications is challenging due to its rapid recombination of photogenerated electron-hole pairs, leading to a low quantum
yield. [194] In contrast, bismuth oxychloride (BiOCl) is a highly efficient
photocatalyst due to its wide band-gap of 3.6 eV, but this also makes its
use limited to UV light. [195]–[197] Hence, by coupling Bi2 O3 with BiOCl,
sufficient separation between photogenerated electron-hole pairs can be
created by charge transfer, resulting in enhancement of photocatalytic performance. [151], [195], [198], [199] This heterojunction-based photocatalyst
can be used under both UV and visible light sources and hence, can utilize a wider solar spectrum. Another advantage of using bismuth oxide
based photocatalyst is the in-situ creation of the Bi2 O3 /BiOCl heterojunction
which does not require any extra intermediate fabrication steps, making it
a cheap and feasible technique.
Apart from the appropriate material selection, the size, shape and morphology of the photocatalyst also plays a vital role in its efficiency. Due to
their small size, the use of nanoparticles and nanofibers for water remediation usually results in either their coagulation, leading to a decreased active
surface area, or in their loss which causes further pollution. [151], [195],
[198], [199] This makes such nanostructures an expensive and inefficient
way to purify water. For a cost-effective and efficient way to clean water, it
is thus necessary to design structures that can be easily recovered for their
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subsequent reuse. Moreover, altering the morphology of the photocatalyst
by inducing porosity leads to a substantial enhancement in its photocatalytic activity due to an increased surface area. At present, research is being
carried out in developing new environmental micro- and nanorobots that
can kill pathogens, degrade organic pollutants, and remove heavy metals
and oil from water. The use of nanoparticles for water remediation has been
extensively explored in the last few years but presents many limitations
as discussed earlier. Catalytically powered micro- and nanomotors that
rely on hydrogen peroxide for propulsion have also attracted considerable
attention for cleaning water. The use of electromagnetic fields on the other
hand, offers an efficient and environmental friendly approach to wirelessly
power micro- and nanomotors. [65], [200]
Towards this direction, in this work we have fabricated novel photocalatysts that are active under UV-visible light, with a porous photocatalytic
microstructure and a ferromagnetic segment for collection and control.
These microstructures are comosed of biocompatible and cost-effective materials and are able to degrade organic pollutants using the AOP approach,
without adding any harmful chemicals to initiate the reactions.
3.3.2

Experimental Methods

Fabrication of 3D microcavities Commercially available circular microscopy glass slides with a diameter of 30 mm were used as substrates. A
25 nm thick ITO layer was evaporated on the glass slides using a UNIVEX
500 e-beam evaporator. A rapid thermal annealing oven (JetFirst100) was
used to anneal the ITO layer at 550 o C for 5 minutes to render the slides
transparent for 3D laser lithography. A 20 µm thick positive-tone photoresist AZ 9260 (MicroChemicals) was spin-coated on the substrate and used
for the DLW process to create 3D microgeometries of pillars and helices in
the resist (Nanoscribe GmbH, Germany) at a speed of 3500 structures/h.
The laser exposed samples were then developed for 30 min in AZ 400K
developer (MicroChemicals) in a 1:4 ratio.
Electrodeposition of CoNi segment Prior to electrodeposition the microcavities were placed in a vacuum pump under pressure for 10 min with
a drop of DI water covering them to remove any trapped air bubbles. CoNi
was deposited at the bottom of the microcavities by using the bath composition presented in Table 3.1. Pulse electrodeposition (PED) technique
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was used to deposit CoNi in the cavities using a potentiostat (Autolab
PGSTAT302N) at a current density of – 50 mA cm−2 with a cathodic pulse
TON of 4 ms and and a rest pulse TOFF of 10 ms. The deposition was carried
out in a chemical cell at 55 o C with a magnetic stirring rate of 400 rpm.
Nickel sheet was used as the counter electrode. Deposition was carried
out to obtain a 2 µm long CoNi segment for micropillars and 0.5 µm for
microhelices.
Chemicals

Concentration (M)

Nickel sulfate hexahydratee

01.14

Nickel chloride hexahydrate

0.13

Cobalt sulfate hexahydrate

0.14

Citric acid

0.21

Boric acid

0.11

Sodium saccharin

0.01

Tergitol 08

3 mL L−1

Table 3.1: Composition of bath to electrodeposit CoNi

Electrodeposition of Bi/BiOCl segment To deposit Bi/BiOCl on top
of the CoNi segment a chemical bath with the composition presented in
Table 3.2 was used. PED technique was also used to deposit the photocatalytic segment at a current density of – 25 mA cm−2 with a cathodic pulse
TON of 4 ms and and a rest pulse TOFF of 10 ms using the same potentiostat.
The deposition was carried out in a chemical cell at room temperature
with a magnetic stirring rate of 400 rpm. A platinum sheet was used as
the counter electrode. Electrodeposition was performed till a 10 µm long
Bi/BiOCl segment was deposited. After electrodeposition, free-standing
microstructures were obtained by dissolving the photoresist in acetone,
isopropanol and DI water. These free-standing structures were immersed
in DI water under UV light for 6 hours to convert Bi to Bi2 O3 .
Structural Characterization SEM characterization was performed using a Zeiss ULTRA 55 at 2 kV with an SE2 and InLens detector. A Zeiss
NVision 40 was used to perform energy-dispersive X-ray spectroscopy
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Chemicals

Concentration (M)

Bismuth chloride

0.008

Sodium chloride

0.04

Hydrochloric acid

1.2

TritonX

0.00003

Table 3.2: Composition of bath to electrodeposit Bi/BiOCl

(EDX) measurements and to do focused ion beam (FIB) cuts on the crosssection of free-standing microstructures. Selected area electron diffraction
(SAED) patters were obtained for hybrid micropillar samples. by gently
scratcing the ITO substrate to gather small pieces of the free-standing micropillars. The collected pieces were suspended in ethanol and subjected
to ultrasonication in order to break them into smaller pieces. A couple of
drops of the resulting suspension were subsequently dropwise added to
carbon-coated Cu transmission electron microscope (TEM) grids.A Bruker
AXS D8 Advance equipped with a Lynxeye superspeed detector and a
Cu K(α) radiation source was used at room temperature to perform X-ray
diffraction (XRD) measurements. UV-vis diffuse reflectance spectra (DRS)
was acquired by a Cary 4000 UV-vis spectrophotometer. BaSO4 was used as
the reflectance standard.
Photocatalytic Characterization Photocatalytic experiments were performed to study the degradation of RhB dye over time. An RhB concentration of 50 µg L−1 was chosen to perform degradation experiments. A
free-standing array of hybrid microstructures (12 µg L−1 ) on an ITO slide
was placed in a 10 mL solution of RhB and irradiated with UV-visible light
(320-500 nm) using a 400 W tungsten lamp. A UV-VIS spectrophotometer
(Tecan Infinite 200 Pro) was used to obtain the fluorescent spectra of RhB
over time by taking aliquots of irradiated RhB solution at 0, 30, 60, 120, 240
and 360 min (Fig. S3b).
Biocompatibility test NIH 3T3 cells (American Type Cell Culture,
ATCC) were expanded in high glucose (4.5 g L−1 ) DMEM containing
(GIBCO), 10 % Bovine serum and 100 units mL−1 Penicillin and 100 mg
mL−1 Streptomycin. The cells were labeled with Hoechst 33 342 (Sigma)
and Alexa 488 Phalloidin (Sigma). Phase-contrast and fluorescence images
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were taken with an IX81 Olympus camera at 10x magnification. The MTT
Cytotoxicity study was conducted in a flat bottomed 24-well plate with
1×10−5 3T3 cells in 1 mL culture medium per well. Cells were allowed
to attach on the substrate with free-standing CoNi-Bi2 O3 /BiOCl pillars
overnight. Then the cell culture medium was supplemented with 100 µL of
12 mM MTT. Cells were further incubated for 4 h for MTT cleavage at 37 o C.
Then, 100 µL of isopropanol and 0.04 M HCl were added to each well and
mixed thoroughly until the formazan crystals were dissolved. Absorbance
measurements were conducted in a micro-titer plate reader (Infinite F200
Tecan) at 570 nm. Reported values are represented as mean values of three
independent replicates as percentages with respect to the control sample.
Magnetic Manipulation Free-standing hybrid CoNi-Bi2 O3 /BiOCl microstructures were released in DI water using gentle sonification for 30
min. The magnetic manipulation system consists of eight stationary electromagnets with soft magnetic cores and is capable of producing magnetic
fields and gradients up to 50 mT and 0.5 T m−1 at frequencies up to 100
Hz . The system is integrated with an inverted fluorescence microscope
(Olympus IX 81) and videos of manipulated structures were recorded at 50
× magnification.
3.3.3

Results and Discussion

In this work, we report the fabrication of novel, photocatalytic micromachines that degrade the organic pollutant Rhodamine-B (RhB) under UVvisible light and can be magnetically manipulated. These microstructures
consist of a ferromagnetic cobalt-nickel (CoNi) segment, which allows them
to be guided using external magnetic fields. On the magnetic segment a
porous, visible-light photoactive Bi2 O3 /BiOCl segment is grown. Photocatalytic performance of these microstructures was evaluated by measuring
the decrease of RhB dye to demonstrate 90% dye removal efficiency. These
hybrid microrobots were precisely controlled wirelessly using external magnetic fields and showed no cytotoxic effects towards cells, hence indicating
there possible use for cleaning water with aquatic life. Hybrid micropillars
and microhelices were fabricated using template-assisted electrodeposition.
Three dimensional (3D) photolithography provides the opportunity to batch
fabricate free-standing microcavities with various dimensions and shapes
in a regular array.
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Figure 3.8: Fabrication of hybrid photocatalysts. (a) Fabrication scheme to obtain
free-standing microstructures using template-assisted electrodepisition. (b) SEM image showing an array of free-standing hybrid CoNi
and Bi/BiOCl micropillars. Magnified SEM images of (c) a few overlapping hybrid micropillars and (d) a hybrid microhelix. (e) SEM
image of a FIB cut on a hybrid micropillar showing a good interface
between the CoNi and Bi/BiOCl segments. Scale bars indicate 10 µm
(a), 2 µm (b-d).

In our work, microcavities with a diameter of 1.5 µm were created inside
a 20 µm thick photoresist layer using direct laser writing (DLW). These
microcavities were then filled by sequential electrodeposition using two
different electrolytes. In Figure 3.8(a) we can see the scheme followed to
fabricate these microstructures where microcavities were formed inside
a photoresist layer. A short CoNi segment was then electrochemically deposited at the bottom of the microcavity by using pulse electrodeposition
(PED). Its length was optimized by controlling the electrodeposition time to
obtain a surface-walker motion for micropillars and a corkscrew motion for
microhelices. Consequently, deposition of a longer Bi/BiOCl segment was
followed by PED for depositing the photocatalytic segment. The use of PED
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leads to the formation of porous Bi/BiOCl segments. To reveal free-standing
microstructures as presented in the scanning electron microscopy (SEM)
image in Figure 3.8(b)the photoresist layer was dissolved by immersing
the substrate in acetone, isopropanol and DI water. Figures 3.8(c) and (d)
present SEM images displaying hybrid micropillars and microhelices. In
both of these images we can observe a short and compact CoNi segment
followed by a longer, porous Bi/BiOCl segment, which can in turn enhance
the diffusion of reactants/products and increase the photocatalytic activity
of the hybrid structures. The SEM image in Figure 3.8(e) shows a FIB cut
performed on a free-standing hybrid micropillar. A robust and smooth
interface between the CoNi and Bi/BiOCl segment is revealed which is
necessary to keep the two segments intact during motion in complex environments.
SAED analysis was performed on a hybrid micropillar sample before
exposure. SAED pattern obtained for Bi/BiOCl segment shows the presence
of multiple spots belonging to Bi and BiOCl phases (Figure 3.9(a). SAED
pattern taken on the CoNi segment shows the presence of multiple rings
with the existence of both hexagonal-close packed (hcp) and face-centered
cubic (fcc) CoNi phases (Figure 3.9(b)). The crystalline structure of the
hybrid samples was analyzed using XRD before and after exposure to water
under UV light (Figure 3.9(c)). The corresponding XRD patterns show a
strong presence of metallic Bi, and BiOCl, and very small Bi2 O3 peaks. In
order to create the Bi2 O3 /BiOCl heterojunction, Bi was oxidized to Bi2 O3 by
exposing the as-prepared hybrid microstructures to UV light source in water for 6 hours. After exposure to water and UV light, there is no detectable
change in the BiOCl phase structure (JCPDS file no. 06-0249) as shown in
the diffraction peaks (Figure 3.9(c)). However, some new diffraction peaks
at 27.5°, 31.8°, 45.6°, 56.6°, 66.3°, 75.4° and 84.1° corresponding to the (111),
(200), (220), (222), (400), (420) and (422) crystal planes of α-Bi2 O3 (JCPDS
file no. 77-0374) can be observed. Additionally, the intensity of (104) and
(122) reflections at 38.3° and 64.6° observed for metallic Bi (JCPDS file no.
44-1246) have decreased. This indicates that metallic Bi is oxidized to Bi2 O3
phase during exposure to water under UV light.
Elemental analysis was performed on the as-prepared and UV light
exposed hybrid micropillars by EDX. This analysis confirmed that the ferromagnetic segment has a homogeneous distribution of Co and Ni elements
and is composed of Co 52 wt%and Ni 48 wt%. For the as-prepared sample,
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Figure 3.9: Structural characterization of hybrid micropillars. Selected area electron diffraction (SAED) pattern taken on (a) Bi/BiOCl segment and
(b) CoNi segment. (c) XRD patterns of hybrid micropillars before and
after exposure to water under UV light for 6 hours. EDX mappings
showing distribution of elements in a hybrid micropillar (a) before
and (b) after exposure to UV light. Scale bars indicate 2 µm (d and e).

the photocatalytic segment showed a strong presence of Bi and a relatively
weak signal for O and Cl, which can be attributed to the presence of Bi
and BiOCl (Figure 3.9(d)). In contrast, EDX analysis performed on the
exposed hybrid structures revealed that while the ferromagnetic segment’s
composition remained unchanged, the photocatalytic segment now showed
a very strong oxygen signal and a relatively weak Bi signal (Figure 3.9(e)).
These results obtained using the EDX analysis are in strong agreement
with the XRD results and further point towards the in-situ oxidation of Bi
to Bi2 O3 after exposure to water and UV light. Furthermore, UV-vis DRS
was performed to determine the optical properties of the samples (Fig. S2
d). As-prepared samples showed a stronger absorption in the 200-370 nm
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spectrum while after UV-light exposure, the samples showed absorbance in
the range of 200-450 nm. These results again indicate the presence of visible
light active, Bi2 O3 coupled to UV-light active, BiOCl.

Figure 3.10: Photocatalytic degradation of hybrid CoNi- Bi2 O3 /BiOCl microstructures. (a) DRS spectra of as-prepared and UV-light exposed
samples. (b) Photocatalytic degradation curves; (c) degradation
curves obtained for three consecutive runs and (d) the corresponding linear fit log plot for cycle 1 and cycle 3. (e) Gradual decrease
in fluorescence intensity of RhB over time. (f) Photocatalytic degradation scheme of hybrid micropillars showing the formation of
electron–hole pairs at the Bi2 O3 /BiOCl heterrojunction under UVVisible light illumination.

The light absorption properties of Bi/BiOCl and Bi2 O3 /BiOCl microstructures were investigated using UV-visible diffuse reflectance spectra
(DRS) at room temperature. From Figure 3.10(a), we can observe that the
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as-prepared Bi/BiOCl microstructures exhibit strong absorption in the UV
light (200-390 nm), where the exposed samples (Bi2 O3 /BiOCl) exhibit light
absorption in both, the UV as well as the visible light region (200-480 nm).
From these results we can conclude that owing to the stronger light absorption of Bi2 O3 /BiOCl microstrcutures in the visible light region, they can
serve as photocatalysts under UV-visible light. In the next step, we evalauted
the photocatalytic performance of the hybrid micropillars by degradation of
a model organic pollutant, RhB dye under UV-visible light for 6 hours after
the adsorption-desorption equilibrium was reached. Degradation curve in
Figure 3.10(b) presents 90% RhB dye removal efficiency in the presence of
hybrid micropillars. Additional experiments were also performed to ensure
that light irradiation had little effect on RhB concentration in the presence
of the control sample and the ITO substrate. From the degradation curves,
it can be seen that in the absence of the hybrid sample, a dye degradation
of more than 10% could not be achieved even after 6 hours for all three
controls, i.e. the blank sample, the ITO substrate and the free-standing
CoNi micropillars. For the photocatalytic free-standing Bi2 O3 /BiOCl microstructures (without the CoNi base), over 85% RhB degradation rate was
obtained, as-expected. This photocatalytic degradation study in the presence of hybrid micropillars was studied on six different samples to ensure
a good reproducibility, which can also be observed from the small standard
deviation values seen in the curve. Reusability of hybrid micropillars was
tested for the same sample under identical reaction conditions for three
consecutive cycles. It was found that after the first run the degradation
rate slightly increased which is evident from a steeper slope obtained for
runs two and three (Figure 3.10(c)). This lower dye degradation rate during
the first run can be explained by the still on-going in-situ oxidation of Bi
to Bi2 O3 when exposed to water. The photocatalytic degradation curves
obtained from this study follow a pseudo-first-order reaction given by the
3.2:
C
= −kt
(3.1)
C0
wherek is the reaction rate constant, Co is the initial RhB concentration,
and C is the RhB concentration at a given time t. Slope of the degradation
plot obtained for the first run gives a k value of 0.0075 min−1 , which is
in good agreement with literature (Figure 3.10(d)). For the third run, after the in-situ oxidation of Bi to Bi2 O3 , a higher k value of 0.0096 min−1
was calculated (30% enhanced performance). This quantitatively describes
the enhanced performance of the hybrid structures after their first run.
ln
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Additionally, it can be observed that the degradation curves for runs two
and three showed an identical, enhanced behavior, hence demonstrating
that these hybrid microstructures can be efficiently reused for multiple
dye degradation studies. From Figure 3.10(e) a plot showing the gradually
decreasing fluorescence intensity of RhB dye under UV-visible lght illimunation and the hybrid microstructures can be observed.
Photocatalytic degradation of organic pollutants is attributed to the
formation of electron-hole pairs on the surface of semiconductors upon
light illumination. The proposed photocatalytic degradation scheme for
hybrid micropillars is illustrated in (Figure 3.10(f)). From this figure we
can see that BiOCl and Bi2 O3 , due to their band gaps of 3.6 eV and 2.8 eV,
promote photocatalytic degradation under UV and visible light, respectively.
The heterojunction between BiOCl and Bi2 O3 is reported to demonstrate
a 10-15 times higher photocatalytic activity under UV-visible light due to
the unique relative band position of these two semiconductors. Due to a
relatively smaller band gap the electrons in the valence band (VB) of Bi2 O3
are excited to its conduction band (CB) upon irradiation of visible light.
Since the VB energy level of Bi2 O3 is 0.8 eV lower than that of BiOCl, the
vacant sites in the VB of Bi2 O3 are then occupied by the electrons in the VB
of BiOCl, leading to the formation of holes in the VB of BiOCl. Formation
of this heterojunction between Bi2 O3 and BiOCl thus separates the electronhole pairs and prevents their recombination. These electron-hole pairs are
responsible for initiating the photocatalytic reactions by converting oxygen
and water to form highly reactive species such as the hydroxyl radicals
(OH•) and the superoxide radicals (O2 •− ). These radicals are then able to
react with organic polluatnts in a non-selective manner and degrade them
into harmless products such as water and carbon dioxide molecules.
In order to use these microstructures to clean water sources with aquatic
life, it is important to ensure that they do not possess any cytotoxic effects.
Therefore, the interaction between the CoNi-Bi2 O3 /BiOCl micropillars and
NIH 3T3 cells was examined. Cells were cultured on an array of freestanding hybrid micropillars for 48 hours. Figure 3.11(a) shows an optical
image of fibroblast cells cultured on a free-standing array of hybrid micropillars. From this image it can be seen that the cells adhered well on the
substrate and extended protrusions over the surface of the pillars. These
interactions even led to the detachment of structures from the substrate.
After 48 hours the substrates were covered with proliferating cells. The
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immunohistochemistry for F-actin showed apparently normal stress fibers.
To further demonstrate this we performed nucleus and actin filament staining which showed viable cells growing over an array of hybrid structures
(Figure 3.11(a)).
Figure 3.11(b) shows an SEM image of a healthy cell interacting with the
hybrid structure. Additionally, we also performed a cell viability analysis
on the hybrid microstructures using an MTT assay which showed that the
hybrid structures demonstrated 95% cell viability in comparison to the
control sample. From these results we can conclude that the microstructures
do not display adverse cytotoxic affects towards cells. To ensure that these
microstructures can be guided to specific locations and collected for re-use,
the micropillars and microhelices were tested for their magnetic response to
wireless magnetic fields by releasing them from the substrate into a DI water solution. It was possible to precisely guide the magnetic microstructures
along pre-planned trajectories, as can be seen from the time-plase images
provided in Figures 3.11(c) and (d), respectively. Under rotational magnetic fields the micropillars demonstrated a surface-walker motion on the
substrate, whereas the microhelices were able to corkscrew in suspension
making them useful to clean contaminated water in viscous environments
and away from hard surfaces. This ability to move microstructures with
high precision and relatively low magnetic fields (less than 10 mT), allows
them to be successfully collected and reused multiple times in complex
microenvironments. Apart from this, wireless control of hybrid microstructures also makes it possible to target polluted wastewater locations that are
not easily accessible for conventional water treatment techniques.
3.3.4

Summary

To summarize, in this work we have developed novel hybrid micropillars and microhelices for water remidiation under UV-visible light. These
microstructures consist of a ferromagnetic CoNi segment, followed by a
Bi2 O3 -BiOCl segment that is photocatalytically active under UV-visible
light. These structures were fabricated using 3D photollithography to create
microcavities in a photoresist, followed by template-assissted electrodepostion where, two subsequent electrodeposition baths were eimployed
to deposit CoNi and Bi/BiOCl segments. The as-fabricated photocatalytic
part consists of a Bi/BiOCl porous segment which is oxidized to form a
Bi2 O3 -BiOCl heterojunction photocatalyst. This procedure was perfoemed
41

Figure 3.11: Biocompatibility and magnetic manipulation of hybrid microstructures. (a) Optical image of cells cultured on an array of hybrid
micropillars showing cell proliferation and detachment of structures;
(b) SEM image showing the interaction between a micropillar and a
cell. (c) Time-lapse image showing magnetic manipulation of a hybrid micropillar showing a surface-walker motion and (d) magnetic
manipulation of a hybrid microhelix demonstrating a corkscrew
motion under rotational magnetic fields. Scale bars indicate 40 µm
(a), 5 µm (b), 10 µm (c-d).

to convert the only UV-light active BiOCl photocatalyst into the UV and
visible-light active photocatalyst, Bi2 O3 -BiOCl. These hybrid microstructures were able to degrade the model organic pollutant, RhB, in-situ by 90%
efficiency in 6 h under a UV-visible light source. Photocatalytic degradation
studies conducted on these structures demonstrated good repeatability and
reusability. Furthermore, we analysed these hybrid structures to ensure
that they are biocompatible and do not demonstrate any cytotoxic effects.
Additioanlly, these microstructures were precisely controlled and guided
using external magnetic fields allowing them to be collected and reused
for further degradation experiments, hence, making them an economic and
efficient approach to clean natural water sources.
3.3.5

Concluding Remarks

Water sustainability represents one of the most pressing matters facing
our world and calls for developing advanced solutions to remediate the
hazardous pollutants present in our water resources. Photocatalysis offers
an attractive approach to combat this growing global crisis by allowing use
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of freely available light energy to initiate degradation of organic contaminants. However, utilisation of photocatalysts for practical water remediation
applications is limited due to their high energy requirements, inadequate
light absorption efficiency, high operational costs, use of rare and toxic
materials, and secondary pollution due to their loss during treatment.
In order to provide a positive contribution to the above mentioned
challenges, in this study, we have used cost-effective and biocompatible
materials that were able to harness energy from UV and visible light by
creating a heterojunction in-situ, without requiring any complicated bandengineering protocols. The materials developed in this work were able to
successfully degrade the organic pollutant, RhB dye with a 90% removal
efficiency (with a k-value of 0.0096 min−1 ) and could be easily recollected
for multiple re-use cleaning cycles.
Despite the positive results obtained in this study we believe that by
implementing the following changes, we can design highly improved photocatalysts for enhanced water purification performance in the future.
1. Developing a new fabrication process-flow that allows for batchfabrication of efficient photocatalysts in a cost-effective manner.
2. Designing new photocatalysts with higher specific surface area for
enhanced photocatalysis.
3. Designing novel photocatalysts with a simplified fabrication technique
that can absorb a wider spectrum of visible-light .
4. Designing photocatalysts that can be continoulsy propelled during
water treatment in an energy efficient manner to improve their reaction
rate.
3.4

coaxial platinum-palladium@titanium dioxide nanotubes

Titania is a promising photocatalyst for water purification or production of
solar fuels. However, due to its large band gap, titania is photoactive solely
under UV light, which accounts for less than 5% of the solar spectrum. In
this work, TiO2 -based hybrid 1D nanostructures with photocatalytic activities extended to visible light region are designed and fabricated. Highly
efficient coaxial TiO2 -PtPd-Ni nanotubes (NTs) are fabricated by a templateassisted electrochemical synthesis route for water remediation under UV
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light, visible light, and natural sunlight. These coaxial hybrid nanotubes
display a 100% degradation of organic pollutant, rhodamine B, in only 50
min (with a k-value of 0.071 min−1 ) and 30 min under visible light and
natural sunlight, respectively. For comparison, TiO2 nanotubes doped with
Pd nanoparticles are also fabricated and they show inferior photocatalytic
properties and degrading stability over time. The multicomponent design
enables to actuate the hybrid NTs by using two different external energy
sources, i.e., magnetic and acoustic fi elds. Self-propelled, autonomous
actuation in the presence of H2 O2 is also realized. These versatile actuation
modes have the potential to enable the reported photocatalytic nanomachines to work effi ciently under complex environments and to be easily
collected for reuse.
3.4.1

Introduction

Environmental pollution caused by increasing industrialization is one of the
major problems imposed on the modern society. [9] It is suggested that more
than 14 000 deaths are reported daily due to waterborne diseases. [201]–
[203] Industries are the biggest polluters of water bodies, with the textile
industry discharging more than 200 000 tons of toxic synthetic dyes every
year into effluents due to inefficiencies in the dyeing process. [113], [204],
[205] Presence of even trace amounts of such synthetic dyes in water is
considered harmful due to their high chemical oxygen demand (COD) and
carcinogenic nature. Apart from this, they are also responsible for negatively altering the aquatic ecosystem by blocking the penetration of sunlight
and oxygen, essential for the survival of various aquatic forms. [167], [206]
Unfortunately, due to their high stability, most of these recalcitrant dyes escape conventional wastewater treatment processes such as pre-chlorination,
flocculation, coagulation and flotation and persist in the environment. [180],
[206], [207] Consequently, there is an ever-increasing need to develop efficient, cost-effective and green techniques for water purification. Heterogeneous advanced oxidation process (AOP) is one of the most extensively
studied approach, where toxic organic dyes are completely degraded into
harmless by-products such as CO2 and H2 O. AOPs are based on thein-situ
generation of highly reactive species, such as hydroxyl and superoxide
anion radicals (OH• and O2 •− , respectively), by semiconductor photocatalysts for degradation of organic compounds. [186], [187]
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Due to its large band-gap, nontoxicity, low cost and abundant availability, titanium dioxide (TiO2 ) is one of the most extensively studied
semiconductors for photocatalysis. [208]–[210] A wide band-gap provides
sufficient charge separation between the photogenerated electron-hole pairs,
hence retarding their recombination and increasing the efficiency of the
system. [192], [211] However, it also limits the use of TiO2 to only UV light,
which accounts for less than 5% of the solar spectrum. [129], [171], [212] To
extend TiO2 ’s optical response into the visible light, many attempts have
been explored to modify its band gap. These measures include, doping
and coupling TiO2 with nonmetals (e.g. sulfur, carbon, nitrogen), semiconductors and metals. [192], [211], [213], [214] Among these techniques,
fabrication of heterostructures of TiO2 with noble metals like gold (Au),
silver (Ag), platinum (Pt) or palladium (Pd) have proven to be one of the
most efficient approaches. [177], [192], [211], [213]–[215] Combination of an
n-type semiconductor like TiO2 with a noble metal creates a Schottky barrier
at their interface. This Schottky barrier is responsible for enhancing electronhole charge separation and hence, is responsible for prolonging the lifetime
of these charge carriers. [198], [216], [217] Moreover, when TiO2 is coupled
with bimetallic noble metals such as platinum-copper, silver-palladium or
platinum-palladium, its photocatalytic activity is much higher. [218]–[220]
For example, TiO2 loaded with bimetallic platinum-palladium nanoparticles (NPs) exhibited a photocatalytic activity, that was 19 times higher
than that of pure TiO2 and about 4 times higher compared to when only
monometallic Pd NPs were coupled to TiO2 .
Besides appropriate material selection, development of highly efficient
photocatalysts also requires selection of their optimal size and architecture.
Due to the very high specific surface area of one-dimensional nanowires
(NWs) and nanotubes (NTs), they are ideal candidates to develop solar cells
and photocatalysts for water remediation and water splitting. [164], [191]
With a charge carrier diffusion length of about 20 nm, TiO2 nanostructures
with a thickness of less than 20 nm are optimal to provide efficient charge
separation. [175], [217], [221] This makes thin TiO2 NTs, with a high aspect
ratio, an attractive choice to fabricate efficient photocatalysts. Two major
approaches are commonly used to combine noble metals with TiO2 , which
includes either depositing NPs on the surface of TiO2 or fabricating coreshell noble metal-TiO2 nanospheres. [222]–[225] Photocatalysts based on
NPs deposited on TiO2 ’s surface have shown a reduced stability caused
by dissolution or photocorrosion of NPs in their surrounding environ45

ment. [226], [227] In contrast, the architecture exhibited by encapsulation
of noble metals around a TiO2 shell could lead to development of more
efficient and durable photoactive materials in the future. Presently, various
synthesis routes are available for fabrication of high specific surface area
TiO2 nanostructures. Unfortunately, these techniques lack control over the
growth parameters and suffer from the inability to fabricate multicomponent nanostructures. Electrochemical synthesis on the other hand, can be
used to fabricate hybrid TiO2 nanostructures with a high degree of control
over their morphology, composition, and design. [228], [229]
Another important fact that prevents photocatalysts from being used
for practical water purification applications, is a lack of control over their
motion and swimming characteristics. Most of the current micro- and
nanostructures are designed to propel using a single power source such
as external magnetic fields, electric fields, light, or by decomposition of
chemical fuels like hydrogen peroxide. [85], [230] This restriction causes
secondary pollution due to their loss and renders them costly and ineffective under harsh, changing environments. Hence, there is a growing need
to fabricate hybrid micro-/nanomachines that are capable of achieving
efficient propulsion by using multiple power sources. [231], [232] Achieving
such a multimode propulsion strategy requires careful design and efficient
implementation of a multicomponent nanovehicle within a single nanoscale
entity.
In this work, we present a novel design of nanomachines composed
of coaxial TiO2 -noble metals (Pt, PtPd) NTs filled with nickel nanowires,
for photocatalytic water remediation under UV, visible light and natural
sunlight. Electrochemical synthesis route was chosen to fabricate these
multicomponent nanostructures by sequential template-assisted electrodeposition. This approach provided a unique fabrication platform to study
the enhancement in photocatalytic activity offered by noble metals coupled
to TiO2 NTs as NPs and NTs. Comparison in the photocatalytic efficiency
offered by bimetallic PtPd NTs versus monometallic Pd NTs was also investigated. Additionally, these hybrid NTs demonstrated versatile actuation
modes such as fuel-powered autonomous actuation as well as fuel-free
magnetic and acoustic field guided swimming behavior.
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3.4.2

Experimental Methods

Fabrication of TiO2 nanotubes Commercially available anodized aluminium oxide (AAO) templates with a pore diameter of 200 nm were
purchased from Whatman Anodisc. 100 nm Au was evaporated by electron
beam evaporation on one side of the template that served as a conductive
working electrode. Prior to deposition, the Au covered side of the template
was isolated to ensure exclusive deposition inside the pores. Electrodeposition was carried out using an Autolab PGSTAT302N, in a three-electrode
setup with Pt sheet as a counter electrode and a Ag/AgCl (3 M KCl) reference electrode.TiO2 nanotubes were fabricated at room temperature from
an electrolyte solution consisting of 0.02 M titanium oxysulfate (TiOSO4 ),
0.03 M hydrogen peroxide (H2 O2 ), 0.05 M nitric acid (HNO3 ) and 0.25
M potassium nitrate (KNO3 ) at a pH of 1.4. Deposition was carried out
potentiostatically at a constant voltage of −1.00 V for 6 h. After deposition,
the AAO templates were either dried overnight at 100 o C or annealed for 2
h at 650 o C in a tube furnace (3.12(a)).

Figure 3.12: (a) STEM image of two overlapping TiO2 NTs annealed at 650 o C;
(b) SEM image of Pd NTs; (c) SEM image of bimetallic PtPd NTs and
(d) SEM image of Ni NWs.

Fabrication of Pd, Pt-Pd nanotubes For Pd and Pt-Pd NT fabrication
(3.12(b, c)), a three-electrode set-up was used with the AAO template filled
with TiO2 nanotubes serving as the working electrode, a Pt sheet acting as
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the counter electrode and a Ag/AgCl (3 M KCl) reference electrode. Pd
electrodepostion was carried out potentiostatically at room temperature
under constant magnetic stirring at a potential of −0.1 V for 30 min inside
T650 NTs and for 10 min inside T100 NTs. Plating solution consisted of 0.05
M PdCl2 and 0.1 M HCl. Pt-Pd bimetallic nanotubes were fabricated using
the same setup as above at a potential of −0.1 V for 3 h with a plating
solution consisting of 0.005 M PdCl2 , 0.005 M H2 PtCl6 and 0.04 M HCl.
Fabrication of Ni nanowires For Ni nanowire fabrication (3.12(d)), a
similar three-electrode set-up was used with the AAO template filled with
TiO2 and Pd or Pt-Pd nanotubes serving as the working electrode, a Pt sheet
acting as the counter electrode and a Ag/AgCl (0.1 M NaSO4 ) reference
electrode. Nickel electrodepostion was carried out potentiostatically at room
temperature under constant magnetic stirring at a potential of −1.00 V for
2 min, using a plating solution consisting of 0.4 M NiSO4 and 0.7 M boric
acid. After deposition, the nanotubes were released by dissolving the AAO
template in an aqueous solution of 5 M NaOH for 2 h followed by washing
them with DI water five times using ultrasonification. Finally, the nanotubes
were collected using centrifugation and stored in DI water.
Material characterization Morphology of the resulting nanotubes was
studied by scanning electron microscopy (SEM, Zeiss ULTRA 55, Zeiss,
Oberkochen, Germany), transmission electron microscopy (TEM, FEI F30,
FEI Co., Hillsboro, OR), and scanning transmission electron microscopy
(STEM, FEI F30). The composition and crystallographic structure of the
nanotubes were analyzed by energy-dispersive X-ray analysis (EDX) and
X-ray diffraction (XRD) Bruker AXS D8 Advance. Distribution of elements
along the nanotubes was studied by EDX mapping using HAADF STEM
(FEI Talos F200X). Local crystallographic structure was studied by selected
area electron diffraction (SAED). UV-Vis diffuse reflectance spectra (DRS)
was acquired by a Cary 4000 UV-vis spectrophotometer. BaSO4 was used
as the reflectance standard.
Photocatalytic characterization Photocatalytic experiments were performed to study the degradation of model organic pollutant, rhodamine B
(RhB) dye in the presence of our nanotube structures. An RhB concentration
of 4 mg L−1 was chosen to perform degradation experiments. 10 mg of
released pure TiO2 and 20 mg of hybrid nanotubes (one electroplated AAO
template) were dispersed in 30 ml of RhB solution and were irradiated with
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UV-visible light using a 450 W Xenon lamp (Oriel, model 66929, 450 W).
Visible light illumination (λ > 420 nm) was provided by a colored glass
filter (Newport) and UV light illumination was obtained by using a filter
with λ < 400 nm (Edmund Optics). A UV-Vis spectrophotometer (Tecan
Infinite 200 Pro) was used to obtain the fluorescent spectra of RhB over time
by taking aliquots of irradiated RhB solution every 10 minutes for 1 hour.
Manipulation experiments Hybrid T650 PP-Ni nanotube structures
were used for manipulation experiments. The magnetic manipulation system consists of eight stationary electromagnets with soft magnetic cores,
capable of producing magnetic fields and gradients up to 50 mT and 0.5
T m−1 at frequencies up to 100 Hz. The system is integrated with an inverted fluorescence microscope (Olympus IX 81) and videos of manipulated
structures were recorded under rotational and static magnetic fields at
40x magnification. Manipulation experiments in H2 O2 were performed by
adding 5% H2 O2 solution to the T650 PP-Ni NTs and videos of NTs were
recorded at 40x. Manipulation of hybrid T650 PP-Ni NTs were perfomed by
studying their propulsion in a complex standing wave field. A standing
wave field was formed by introducing acoustic waves via a piezoelectric
transducer bonded on a glass slide adjacent to the liquid droplet. The
droplet was then sandwiched between glass slides. Acoustic fields at a
frequency of 366 kHz and output amplitude of 10 VPP were used to propel
TiO2 650 PP nanotubes (40x magnification).
Biocompatibility test NIH 3T3 cells (American Type Cell Culture,
ATCC) were expanded in high glucose (4.5 g L−1 ) DMEM containing
(GIBCO), 10 % Bovine serum and 100 units mL−1 Penicillin and 100 mg
mL−1 Streptomycin. The cells were labeled with Hoechst 33 342 (Sigma)
and Alexa 488 Phalloidin (Sigma). Phase-contrast and fluorescence images
were taken with an IX81 Olympus camera at 20x magnification. The MTT
Cytotoxicity study was conducted in a flat bottomed 96-well plate with
4×103 3T3 cells in 100 µL culture medium per well. Cells were allowed
to attach on the surface for 5 hours. Then the cell culture medium was
supplemented with 100 µL of 12 mM MTT. Cells were further incubated
for 4 h for MTT cleavage at 37 o C. Then, 100 µL of isopropanol and 0.04
M HCl were added to each well and mixed thoroughly until the formazan
crystals were dissolved. Absorbance measurements were conducted in a
micro-titer plate reader (Infinite F200 Tecan) at 570 nm. Reported values are
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represented as mean values of five independent replicates as percentages
with respect to the control sample.
3.4.3

Results and Discussion

TiO2 nanotubes were deposited inside AAO templates by electrochemically
induced sol-gel technique (Figure 3.13 (i, ii)). When a potential greater than
-0.9 V vs. Ag/AgCl was applied, nitrate present in the solution reduced to
form hydroxyl ions causing a local increase in pH near the electrode. [233]
The pH increase induced formation of titanium hydroxide gel within the
AAO pores. This gel was then thermally treated using two approaches
whereby, AAO templates were either dried overnight at 100 o C ( T100 )
to remove water or directly annealed at 650 o C for 2 h (T650 ) to form
crystalline TiO2 NTs. TiO2 NTs dried at 100 o C were filled with Pd by
electrodeposition (Figure 3.13 (iii)) and the NTs were eventually annealed
at 650 o C to allow their crystallization (TP650 ). Next, Pd and PtPd NTs
were electroplated inside the AAO templates that were previously filled
withTiO2 NTs annealed at 650 o C (Figure 3.13 (iv)) (T650 P, (T650 PP). Finally,
these hybrid NTs were filled with Ni nanowires to efficiently collect them
using a magnet. (Figure 3.13 (v)), followed by wet etching of the AAO
template to release the NTs (Figure 3.13 (vi)).

Figure 3.13: Fabrication overview of hybrid NTs: (a) (i) Au sputtered on one
end of AAO templates, (ii) electrochemically induced sol-gel deposition of TiO2 NTs. (iii) Electrodeposition (ED) of Pd NPs inside
TiO2 NTs dried at 100 o C, followed by annealing at 650 o C, (iv)
electrodeposition of Pd NTs inside TiO2 NTs annealed at 650 o C.
(v) Electrodeposition of Ni NWs, followed by (vi) etching of AAO
templates.
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Figure 3.14 (a), presents a SEM image obtained from freestanding TP650 Ni NTs and the inset shows their magnified image. We can observe the
presence of many randomly distributed NPs on the surface of TiO2 NTs.
Figure 3.14 (b), presents the HAADF STEM image of a single TP650 NT,
here we can see its uniform NW structure. From the corresponding EDX
mappings obtained, we can clearly observe the presence of a TiO2 NT with
randomly distributed Pd NPs encapsulating a Ni NW. The reason behind
the formation of Pd NPs could be the inability of the titania gel to form
dense shells due to the insufficient heat treatment, causing the Pd ions to
penetrate the gel during electrodeposition. As a result, Pd nuclei formed
when such ions combined with an electron and during the subsequent
annealing step at 650 o C, these Pd NPs diffused into theTiO2 phase.

Figure 3.14: (a) SEM image showing an overview of freestanding TP650 NTs and
the inset shows its magnified image with presence of NPs distributed
on the TiO2 surface. (b) HAADF STEM image of a single TP650 -Ni
NT and its corresponding EDX Maps obtained for Ni, Ti, O, Pd
and a superimposed image that clearly shows the presence of Pd
as NPs inside a TiO2 NT. (c) SEM image showing an overview of
freestanding T650 P NTs and the inset shows its magnified image. (d)
HAADF STEM image of a single T650 P-Ni NT and its corresponding
EDX maps obtained for Ni, Ti, O, Pd where the superimposed image
clearly shows a coaxial TiO2 -Pd NT structure.

Figure 3.14 (c) shows the top-view of freestanding T650 P-Ni NT arrays
and the inset shows their magnified image. STEM image obtained for this
sample is presented in Figure 3.14 (d), where a uniform shell can be seen
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around a nanowire. From this image, we can clearly observe that this hybrid
nanostructure has conformal interfaces between its different components.
According to the EDX mappings obtained for the elements, this outer shell
clearly corresponds to a 15 nm-thick TiO2 layer, followed by a Pd NT and
Ni NW. Superimposed EDX map for Ti, O and Pd elements further depicts
a TiO2 shell homogeneously encapsulating a Pd NT.

Figure 3.15: XRD patterns obtained for hybrid TiO2 NTs.

Crystalline structure of the hybrid NTs was analyzed by using XRD
(Figure 3.15). XRD investigation performed on these NTs showed that, all
samples possessed a good crystallinity apart from the amorphous T100 sample (data not shown). XRD investigation of T650 NT sample revealed that
TiO2 phase structure consists of a mixture of anatase, rutile and brookite
polymorphs. Presence of all three polymorphs has been previously shown
to have a positive effect on the photocatalytic activity of TiO2 . Analysis of
the diffraction peaks at 25.4°, 38.3° and 75.3° can be observed corresponding
to the (101), (112) and (224) faces of anatase TiO2 (JCPDS file no. 73-1764).
Similarly, 27.4°, 54.8° and 56.5° peaks can be ascribed to (110), (211) and
(220) crystal planes of rutile TiO2 (JCPDS file no. 73-1765) and reflections
at 31.7°, 33.6°, 42.0°, 70.6° and 71.6° peaks can be assigned to brookite TiO2
(JCPDS file no. 16-0617). Analysis of T650 P-Ni NTs, showed new peaks at
40.1°, 46.7° and 68.2° belonging to the (111), (200) and (220) faces of cubic
Pd (JCPDS file no. 46-1043) and reflections at 44.6°, 51.8°, 64.6° and 76.4°
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corresponding to the (111), (200), (012) and (220) crystal planes of cubic
Ni (JCPDS file no. 04-0850). XRD analysis of T650 PP-Ni NTs in addition,
also revealed new peaks at 38.9°, 45.6° and 66.2° that can be ascribed to the
(111), (200) and (220) faces of cubic Pt (JCPDS file no. 04-0802).

Figure 3.16: (a) SAED pattern obtained for T650 PP-Ni NTs. (b) TEM image showing two overlapping T650 PP-Ni NTs. (c) HRTEM image obtained
from the outermost shell showing the presence of anatase and rutile
TiO2 whereas, (d) the HRTEM image obtained from the interface
region shows the presence of metallic Pt and Pd.

A SAED pattern of T650 PP-Ni NTs is presented in Figure 3.16(a), where
the presence of multiple rings confirms that the structures are polycrystalline in nature. The corresponding TEM image showing the top-end of
two over-lapping T650 PP-Ni NTs is presented in Figure 3.16(b). From this
image, we can observe the presence of a thin shell, which is encapsulating
a NT with a dark contrast. HRTEM analysis performed on the outermost
shell is presented in Figure 3.16(c). From this, we can observe a 15 nm-thick
polycrystalline layer having multiple growth orientations. Further analysis
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shows the presence of d-values of 0.324 nm and 0.350 nm, belonging to TiO2
anatase (101) and rutile (110) planes. In contrast, by analyzing the HRTEM
image obtained from the NT with a dark contrast (Figure 3.16(d)), presence
of PtPd NT could be identified from the d-spacings of 0.196 nm and 0.224
nm (Pt (200) and Pd (111), respectively).
UV-vis diffuse reflectance spectra was performed on the NTs to anaylse
their light absorption properties (Figure 3.17(a)). From this DRS spectra it
can be observed that the T650 NTs exhibited a light absorption only within
the 250-380 nm range, which can justify their poor photocatalytic activity
under visible light. Coupling TiO2 with nanosized noble metal structures
extends its absorption band into the visible light region. Photocatalytic
performance of all NTs was evaluated by studying the degradation of
model organic pollutant, rhodamine B (RhB) solution under UV, visible
light and natural sunlight for 1 h, respectively. The degradation curves
obtained under UV light show that all the samples exhibited a gradual
degradation over time, except the control that showed almost negligible
response. Due to their high crystallinity, all the samples that were annealed
at a high temperature (650 o C) showed a better performance than the
ones dried at 100 o C. The bimetallic T650 PP NTs were the most efficient
photocatalysts with a 93% dye degradation in 1 h (3.17(b)). From Figure
3.17(c), we can observe that the trend of dye degradation of NTs in the
presence of visible light is similar to their response under UV light, where
all the NTs displayed a gradual degradation of RhB over time and the
bimetallic samples were the best performing photocatalyst. A quantitative
analysis of the degradation rates offered by the high temperature annealed
samples is given by comparing their reaction rate constant k, which can be
defined by Equation 3.2 below:
C
= −kt
(3.2)
C0
wherek is the reaction rate constant, Cio is the initial RhB concentration, and C is the RhB concentration at a given time t. The calculation is
based on the fact that the kinetics of RhB degradation reaction catalyzed by
these NTs are first-order reactions. These results are presented in 3.17(d),
from where, we can observe that pure TiO2 NTs ( T650 ) showed a worse
performance under visible light than under UV light. On the contrary, the
hybrid NT samples coupled with noble metals (i.e. Pt or PtPd) performed
better under visible light than under UV light. Coupling TiO2 nanotubes
with Pd nanoparticles (TP650 ), Pd nanotubes (T650 P) and PdPt nanotubes
ln
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(T650 PP) gives 3.2, 5.8, and 9.6 times higher k-values than pure TiO2 under
visible light. The best performing photocatalysts were the T650 PP NTs that
demonstrated 100% degradation of RhB under visible light within 50 min.
With a k-value of 0.071 min−1 , T650 PP NTs are one of the most efficient
visible light photocatalysts to have been reported.
To understand this improved dye degradation performance under visible light, we need to recall the underlying mechanism of photocatalysis of
TiO2 . Upon light irradiation, electrons are excited from the valence band
(VB) of TiO2 to its conduction band (CB), leaving behind holes in its VB
and thus creating electron-hole pairs on the surface of the semiconductor.
Electron-hole pairs are responsible for initiating photocatalytic reactions
by converting oxygen and water to form highly reactive species such as
OH• and O2•-. These radicals play a crucial role in the photocatalytic
degradation of organic molecules like RhB into harmless products. (Figure
3.18(a)). However, the band gap of TiO2 ranges from 2.98 eV to 3.26 eV,
depending on its crystalline phase, which limits its light absorption to only
the UV region. On the other hand, noble metal nanoparticles absorb visible
light to generate collective oscillation of valence electrons known as the
localized surface plasmon resonance (LSPR). The light excited electrons on
the surface of noble metals must overcome the Schottky barrier (φ), created
at the interface of semiconductor/metal heterojunction (difference between
the CB of the semiconductor and the work function of metal) in order to be
transferred to the TiO2 phase. The CB of TiO2 , being an electron acceptor,
readily accepts the electrons from Pd or PtPd, hence promoting diffusion
of electrons into the TiO2 shell (Figure 3.18(a)). Thus, by coupling noble
metals to TiO2 NTs, electron-hole pairs can be efficiently generated under
visible light. That is why the samples coupled with Pd or PtPd exhibit a
better performance under visible light than under UV light.
By comparing Figure 3.17(a) and Figure 3.17(d), we can find that under
visible light, the normalized absorbed intensity exhibits a positive correlation with the k-values. Higher photocatalytic efficiency is observed in
NTs with a continuous interface (T650 P) than in samples with randomly
distributed NPs (TP650 ). Possible explanations for this phenomenon could
be that in TP650 NTs there is a larger availability of Pd catalyst and an
increased interface area between TiO2 and Pd. This can increase the absorption of light and hence, generate more electron-hole pairs to participate in
the photocatalytic degradation process. Another important result obtained
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Figure 3.17: Photocatalytic degradation performance of hybrid NTs. (a) UV-vis
DRS spectra. Photocatalytic degradation curves obtained under (b)
UV light and (c) visible light. (d) Comparison of degradation rate
constants under UV and visible light.

shows that the bimetallic NTs (T650 PP) are 1.7 times more efficient than
the monometallic NTs (T650 P). This result can be explained by the fact that
alloying Pd with Pt lowers its work function, and therefore reduces the
height of the Schottky barrier. A lowered Schottky barrier is able to promote
electron transfer from the PtPd NTs to the TiO2 phase much more efficiently,
hence making the bimetallic T650 PP NTs better photocatalysts. [220], [227],
[234] The improvement in photocatalytic activity under UV light is not as
prominent as under visible light. This slightly increased efficiency in T650 P
and T650 PP NTs may arise from the fact that noble metals act as electron
traps and decrease the electron-hole recombination rate. A closer look at the
graph shows that under UV light, TP650 NTs exhibited a slower degradation
rate than T650 NTs. This trend can be attributed to the presence of many
randomly distributed Pd NPs all over the TiO2 matrix. Such a random NP
distribution all over the TiO2 surface can reduce the total photoactive area
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Figure 3.18: (a) Photocatalytic degradation scheme of hybrid coaxial NTs under
visible light showing the formation of electron-hole pairs and how
they degrade organic pollutants. and Biocompatibility and magnetic
manipulation of hybrid microstructures. (b) Linear fit log plots of
three consecutive degradation curves showing the reusability trend
exhibited by TP650 NTs and T650 P NTs. (c) Visual color change of
three different organic dyes at a higher concentration of 12 mg L−1
over time.

of TiO2 NTs and hence, reduce their photoactivity.
To develop practical photocatalysts for water purification, it is important
that they are not only very efficient but also highly stable so that they can
be reused. The reusability of coaxial T650 P NTs and TP650 NTs are examined
and presented in Figure 3.18(b). In the case of T650 P NTs, all three runs had
almost similar and stable degradation rates, expressed by their k-values of
0.0425 min−1 , 0.0420 min−1 , 0.0418 min−1 , respectively. On the other hand,
TP650 NTs exhibited a gradually decreased photocatalytic activity with each
consecutive run (0.0244 min−1 , 0.0226 min−1 , 0.0174 min−1 , respectively.
This unstable reusability trend shown by the TP650 NTs can be caused by the
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Figure 3.19: Photocatalytic degradation curves obtained for hybrid NTs under
natural sunlight where RhB concentration was 4 mg L−1 .

photocorrosion or dissolution of Pd NPs in their surrounding environment
over time. Our results suggest that noble metals should be shielded from
the surrounding media by designing core-shell structures instead of using
them as NPs, as also indicated elsewhere. To further demonstrate the practical use of T650 PP NTs NTs under direct sunlight, we also investigated the
photocatalytic degradation of three different organic dyes i.e. RhB, methyl
orange (MO) and methylene blue (MB) at much elevated concentrations
of 12 mg L−1 ([Dye]/[ T650 PP] =0.018) (Figure 3.18(c)), presents a collage
of images taken every 20 minutes to represent how the T650 PP NTs were
successful in degrading all three dyes in less than 2 h, even at much higher
dye concentrations. This result further highlights the versatile and efficient
nature of water remediation offered by our hybrid nanotubes
Photocatalytic efficiencies of our NTs was also studied under natural
sunlight to demonstrate that they can be used for practical water purification applications at a similar [Dye]:[T650 PP] ratio of 0.006:1 (Figure 3.19).
We can observe almost similar degradation trends as obtained under the
visible light lamp. Hence, this study proves that our coaxial NTs, especially
T650 PP NTs that degraded 100% of the dye in just 30 min, can serve as
efficient photocatalysts to destroy organic pollutants under sunlight.
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To ensure that these hybrid NTs can be guided to specific locations and
efficiently collected for re-use,T650 PP-Ni NTs were tested to study their
response in the presence of external fields and fuels like H2 O2 solution.
Novel architecture of these coaxial NTs coupled with Ni nanowires, enabled
their use under three different propulsion mechanisms i.e. under wireless
magnetic and acoustic fields and as self-propelled catalytic nanomachines
(Figure 3.20). Rotational magnetic fields were applied to a single T650 PP-Ni
NT released in DI water. It was possible to precisely guide the hybrid NT
along a pre-planned trajectory, as can be seen from the time lapse image
in Figure 3.20 (a). A single, self-propelled T650 PP-Ni NT demonstrated
autonomous actuation in the presence of 5% H2 O2 solution. Here, the PtPd
NT decomposed the H2 O2 solution into water and oxygen bubbles, giving
rise to a self-propelled motion, powered by ejection of oxygen bubbles
from the PtPd NT (Figure 3.20 (b)). Figure 3.20 (c), illustrates dual motion
exhibited by a single T650 PP-Ni NT in H2 O2 solution and under wireless
magnetic fields. From this time-lapse image, it can be clearly seen that static
magnetic fields can be used to precisely guide the direction of movement
of these autonomous nanomachines.
T650 PP-Ni NTs can also be powered wirelessly using acoustic fields as
shown in Figure 3.20 (d), where a single NT displayed an efficient linear
propulsion. Hence, by optimal material selection and careful design of our
nanomachines, three different locomotion techniques were demonstrated
by hybridT650 PP-Ni NTs. Such versatile actuations exhibited by a single
nanomachine can offer a diverse and flexible scope of operation, depending
upon its mission or upon changes in its surrounding environment.
In order to use these hybrid NTs to clean water sources with aquatic
life, it is important to ensure that they are biocompatible. Therefore, the
interaction between the T650 PP-Ni NTs and NIH 3T3 cells was examined for
48 h. Figure 3.20 (e) shows an optical image of healthy fibroblast cells interacting with the hybrid NTs. To further demonstrate this, we also performed
nucleus and actin filament staining which showed viable cells growing
over the hybrid NTs (Figure 3.20 (f)). Additionally, MTT assay was also
performed to test the biocompatibility of our hybrid T650 PP-Ni NTs after 48
h and they showed a cell viability of over 80% even when the NT concentration was as high as 75 ppm (0.075 mg mL−1 ). These results prove that
our hybrid NTs do not display cytotoxic effects towards cells.

59

Figure 3.20: Propulsion mechanisms and biocompatibilty of hybrid TiO2-PtPdNi NTs. Time lapse image showing (a) magnetic manipulation of a
hybrid NT along a pre-planned trajectory (blue); (b) autonomous
motion demonstrated by a single hybrid NT in 5% H2O2 solution
(yellow); (c) dual propulsion exhibiting an autonmous motion (yellow) which can also be guided by wireless magnetic fields (blue)
and (d) propulsion under acoustic fields. (e) Optical image of NIH
3T3 fibroblast cells cultured on TiO2-PtPd-Ni NTs showing cell proliferation; and (f) its corresponding fluorescence image. Scale bars
indicate 30 µm (a-c), 40 µm (d), 80 µm (e, f).

3.4.4

Summary

In conclusion, we have developed a novel architecture to create highly
efficient visible light photocatalysts for water remediation. These photocatalysts were composed of TiO2 NTs and noble metals present either as NPs
or as coaxial NTs, using electrochemical fabrication approach. We were able
to compare for the first time, the efficiency of TiO2 NTs coupled to noble
metals as NPs and as NTs. TiO2 Pd monometallic NTs, TiO2 -PtPd bimetallic
NTs and TiO2 NTs decorated with Pd NPs were fabricated. We observed
that coaxial TiO2 -Pd NTs exhibited a much higher efficiency and stability
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in comparison to TiO2 NTs covered with Pd NPs. Furthermore, when TiO2
NTs coupled with bimetallic PtPd NTs were used, they demonstrated a
much faster degradation rate in comparison to TiO2 NTs coupled with
monometallic Pd NTs. The most efficient photocatalysts, with a k-values of
0.071 min−1 , were the TiO2 -PtPd coaxial NTs, which were able to degrade
the organic pollutant RhB, in situ, with a 100% efficiency in 50 min and
30 min, under visible light and natural sunlight, respectively. The unique
design of hybrid TiO2 -PtPd-Ni NTs, apart from their enhanced photocatalytic performance, also provided the advantage of optimally harvesting
both fuel-free and fuel-powered actuations. Such versatile propulsion mechanisms make these hybrid nanomachines cost-effective and highly efficient
photocatalysts that can be precisely controlled and collected for re-use.
Biocompatibility demonstrated by these nanomachines, further confirms
their possible utilization for water purification with aquatic life. Hybrid
nanomachines developed in this work are attractive candidates for designing future water remediation and water splitting photocatalysts and display
efficient motion under complex, challenging environments.
3.4.5

Concluding Remarks

In this work, extensive analysis was performed to study the ideal approach
of doping UV-light active photocatalysts to expand their light absorption
into the visible light region. Results from this study clearly highlight the
positive impact on the photocatalytic degradation of organic pollutants
exhibited by hybrid coaxial NTs in comparison to the NTs that were doped
with NPs . These novel nanostructures dispalyed an highly enhanced photocatalytic degradation performace with a k-value of 0.071 min−1 , in comparison to the Bi2 O3 -BiOCl microstructures developed in Section 3.3 (k-value
of 0.0096 min−1 ). This enhancement can be attributed to many positive
modifications that were implemented in this study, including, use of high
surface area endowed nanowires, use of TiO2 which is one of the most
efficient photocatalysts, successful utilisation of both UV and visible light
regions and their superior stablity and reusability.
Inspite of the improvements obtained in this study, the hybrid NTs still
suffer from several drawbacks and offers some unanswered questions that
can limit their successful implementation for wide-spread water purifcation
applications. Making the following modifications in the future works can
help improve photocatalytic degradation performance.
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1. Development of simplified fabrication protocol to batch-fabricate
coaxial photocatalysts with enhanced light absoprtion in both UV and
visible light regions in a cost-effective manner.
2. Replacement of expensive metals such as Pt, Pd and Ni with costeffective and biocompatible materials.
3. Studying the effect of a photocatalyst’s motion during water treatment
on its cleaning efficiency. In this study, we obtained an enhanced
degradation efficiency when the hybrid NTs were continously stirred
during water treatment, in comparison to when they were only slightly
agitated (static) as can be seen in the Figure 3.21. Hence, it would be
highly interesting to develop photocatalysts that can be continously
actuated during photocatalytic cleaning runs and study the role that
different actuation speeds play on the pollutant removal performance.

Figure 3.21: Photocatalytic degradation performance of hybrid NTs under static
and continous actuation.

3.5

bio-templated iron oxide@titanium dioxide microhelices

Increasing accumulation of highly persistent and non-biodegradable organic pollutants in our fresh water sources imposes severe threats to human
civilization. Designing novel catalytic materials that can efficiently harness
energy from their surroundings to degrade such problematic pollutants
is the need of the hour. In this work, we have fabricated core-shell microhelical robots composed of iron oxide@titanium dioxide (Fe3 O4 @TiO2 ) for
UV-visible light driven degradation of organic pollutants, in a cost-effective
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manner. Bio-templating and sol-gel synthesis were employed for a simplified approach to batch-fabricate magnetic photocatalysts. These hybrid
microrobots removed RhB dye by 97% in 75 min using UV-visible light (kvalue of 0.047 min−1 ). Furthermore, when photocatalytic degradation was
performed under continuous magnetic field driven propulsion, 99% of RhB
dye degraded in 40 min with a k-value of 0.108 min−1 . Additionally, we also
observed a strong correlation between the hybrid microhelices’ swimming
characteristics and their subsequent photocatalytic degradation efficiency.
These results were further corroborated using COMSOL simulations.
3.5.1

Introduction

Global water shortage due to rapidly shrinking clean water reserves, increasing industrial activity, and growing world population, is one of the
biggest challenges that needs our immediate attention. [9] Water pollution caused by discharge of toxic organic pollutants such as, antibiotics,
pesticides, herbicides, estrogens, synthetic pigments, pharmaceuticals and
diagnostic agents, into effluents is further exacerbating the water shortage
crisis. [44], [235] Many of these substances are highly bio-active and tend to
bio-accumulate over time, even when present at very low concentrations
(ng L−1 to µg L-−1 ). [34] This renders these problematic pollutants extremely harmful because of their carcinogenic and mutagenic nature. [236],
[237] Being highly persistent and non-biodegradable, most of these organic
pollutants easily escape conventional water treatment methods and are discharged into our surface and groundwater. [29], [35] Advanced oxidation
process (AOP) to use highly reactive oxygen species including hydroxyl
and superoxide radicals is one of the most extensively studied approaches
to degrade such toxic contaminants into harmless products, such as CO2
and H2 O. [238], [239]
Among the various approaches to initiate AOPs, photocatalysis is one
of the most promising, where a semiconductor with a suitable bandgap can
efficiently absorb light to photogenerate electron-hole pairs. These electrons
and holes can then migrate to the surface of the photocatalyst and initiate
a series of oxidative and reductive reactions, resulting in degradation of
organic pollutants. [181], [240] Practical use of these catalysts is limited by
their high electron-hole recombination rate, which ultimately lowers their
photocatalytic efficiency. [204], [241] To overcome these challenges, wide
bandgap semiconductors such as titanium dioxide (TiO2 ) are extensively
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used. However, having a wide bandgap limits the light absorption of these
materials to the UV region. [242] Hence, various strategies have been investigated including chemically modifying the wide bandgap semiconductors
by using co-catalysts and doping them with non-metals, rare-earth, and
transition metals. [243] Although such approaches have shown improved
photocatalytic efficiency, they heavily rely on using rare and expensive
catalysts, and suffer from complicated fabrication processes. [244], [245]
Developing photocatalysts with a core-shell architecture that is composed
of a wide bandgap and a small bandgap semiconductor is yet another
approach towards tuning the bandgap of a wide bandgap semiconductor
in a simplified and cost-effective manner. This approach allows for utilization of a broader solar spectrum, and severely reduces the electron-hole
recombination rate by promoting their separation and thus, increasing their
lifetime. [203], [246]–[248]
In order to develop photocatalysts for practical applications it is important to utilize cost-effective materials that can be easily employed in a
facile batch fabrication process. Additionally, it is important to design photocatalysts with a high surface area to enhance the surface-driven catalytic
reactions. [249], [250] Efficient photocatalysts should possess additional
functionalities that allow for their complete removal after water treatment
to avoid secondary contamination due to their loss. [248], [251], [252] This
will also make them reusable for multiple treatments and add to costeffectiveness.
In this work, we have fabricated our photocatalysts using a bio-templating
approach by taking advantage of the helical shape of the microalgae subspecies, Spirulina platensis. A simple batch-fabrication synthesis was developed by dip-coating the bio-template with small bandgap iron oxide (Fe3 O4 )
and wide bandgap titanium dioxide (TiO2 ) in two sequential coating steps.
Using this approach core-shell Fe3 O4 @TiO2 microhelical structures were
developed for photocatalytic water remediation. These hybrid microhelices
were used to degrade model organic pollutant, rhodamine B (RhB) under
UV-visible light as well as natural sunlight. Fe3 O4 core further endows
these microstructures with magnetic properties for re-collection as well as
for actuating them in a corkscrew motion in 3D using rotating magnetic
fields. We also investigated the relationship between the hybrid microstructures’ swimming behavior and their photocatalytic efficiency. Development
of these novel multicomponent hybrid microstructures provides a cost64

effective and easy approach towards batch-fabrication of biocompatible
magnetic microrobots for enhanced environmental remediation and even
future biomedical applications.
3.5.2

Experimental Methods

Synthesis of Fe3 O4 nanoparticles Fe3 O4 nanoparticle (NP) suspension was prepared using a co-precipitation method. An aqueous solution
of 8 mM FeCl3 and 16 mM FeCl2 was prepared in DI water at 50 o C. To
this mixture, a 0.5 M NaOH solution was added dropwise, resulting in
formation of a black suspension. This mixture was sonicated for 60 min,
centrifuged and dispersed in 50mL DI water five times. Next, 100 µL of a 5
M HCl solution was added to the above Fe3 O4 NP mixture to bring its pH
to 1.8, followed by sonication for another 60 min.
Deposition of Fe3 O4 NPs on Spirulina platensis bio-templates Fe3 O4
NPs were deposited on the biological templates using dip-coating method
under ambient temperature and pressure. Before coating, bio-templates
were sonicated in DI water for 5 minutes to reduce their body length to
3-5 pitches. Next, 1 g of sonicated spirulina was added to 50 mL of the
Fe3 O4 NP suspension and placed on an orbital shaker (Heidolph Rotamax
120,100 rpm) for 48 h to avoid agglomeration of bio-templates during the
coating process. Next, the Fe3 O4 coated bio-templates were collected using
centrifugation and washed several times with DI-water.
Fabricaton of Fe3 O4 @TiO2 bio-templates TiO2 was deposited on the
Fe3 O4 coated bio-templates by a sol-gel process. 0.5 g of Fe3 O4 coated biotemplates were dispersed in a mixed solvent containing 90 mL of ethanol,
330 mL of acetonitrile and 0.5 mL of concentrated ammonia solution. This
mixture was placed on an orbital shaker and allow to mix for 30 minutes.
Next, 0.5 mL of tetrabutyl titanate was added to the above mixture under
continuous shaking. After 2 h, the bio-templates were collected using
a magnet and washed several times with ethanol. These core-shell biotemplates were then annealed at 450 o C in air for 2 h at a ramp rate of
5 o C min−1 to convert amorphous titanium oxide coating to crystalline
anatase TiO2 phase. During this annealing process, the biological template
is removed and the final hybrid core-shell Fe3 O4 @TiO2 microhelices are
formed which are hollow and have a rough morphology. In this work,
we also fabricated microhelical structures that were composed of only
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Fe3 O4 and TiO2 by performing the individual coatings as described above,
followed by their annealing under similar conditions.
Material characterization Morphology of the resulting microhelices
was studied by scanning electron microscopy (SEM, Zeiss ULTRA 55, Zeiss,
Oberkochen, Germany), transmission electron microscopy (TEM, FEI F30,
FEI Co., Hillsboro, OR), and scanning transmission electron microscopy
(STEM, FEI F30). The composition and crystallographic structure of the
microhelices was analyzed by energy-dispersive X-ray analysis (EDX) and
X-ray diffraction (XRD, Bruker AXS D8 Advance). Distribution of elements
along the microhelices was studied by EDX mapping using HAADF STEM
(FEI Talos F200X). Local crystallographic structure was studied by selected
area electron diffraction (SAED). UV-vis diffuse reflectance spectra (DRS)
was acquired by a Cary 4000 UV-vis spectrophotometer. BaSO4 was used
as the reflectance standard. Magnetic characterisation was performed on
a powder of hybrid microhelices using a vibrating sample magnetometer
(EZ9 from Microsense).
Photocatalytic experiments Photocatalytic experiments were performed
to study the degradation of model organic pollutant RhB dye in the presence of our microstructures. An RhB concentration of 4 mg L−1 was chosen
to perform degradation experiments. 20 mgof microstructures (Fe3 O4 , TiO2
and core-shell Fe3 O4 @TiO2 microhelices) were dispersed in 50 ml of RhB
solution and were irradiated with UV-visible light (300 nm < λ < 600 nm)
using a 300 W Xenon lamp (Asahi Spectra, MAX-303) under mechanical agitation, after the adsorption-desorption equilibrium was reached. A UV-Vis
spectrophotometer (Tecan Infinite 200 Pro) was used to obtain the fluorescent spectra of RhB over time by taking aliquots of irradiated RhB solution
every 15 min for 75 min. Experiments were performed under direct natural
sunlight using similar concentration of RhB and microhelices and aliquots
of irradiated RhB solution were taken every 10 min for 50 min.
Manipulation experiments Hybrid core-shell Fe3 O4 @TiO2 microhelices were used for manipulation experiments using rotating magnetic
fields. The magnetic manipulation system consists of eight stationary electromagnets with soft magnetic cores, capable of producing magnetic fields
and gradients up to 50 mT and 0.5 T m−1 at frequencies up to 100 Hz. The
system is integrated with an inverted fluorescence microscope (Olympus IX
81) and videos of manipulated structures were recorded under rotational
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magnetic fields at 10X magnification. The manipulation experiments were
conducted using hybrid microstructures in DI water with a few drops of
Triton-X surfactant inside custom-built PDMS containers (2 cm in diameter
and 1 cm in depth). Rotating magnetic fields in the range of 2-10 mT and
frequencies between 2-26 Hz were applied to perform swimming tests.
Five measurements were performed to obtain average velocities and the
subsequent error bars.
Photocatalytic experiments under magnetic manipulation Photocatalytic experiments were performed to study the degradation of model
organic pollutant RhB dye in the presence of hybrid microhelices under
continous magnetic steering. An RhB concentration of 4 mg L−1 was chosen
to perform degradation experiments. 1.2 mg of microstructures (Fe3 O4 ,
TiO2 and core-shell Fe3 O4 @TiO2 microhelices) were dispersed in 3 mL of
RhB solution and were irradiated with UV-visible light (300 nm < λ <
600 nm) using a 300 W Xenon lamp (Asahi Spectra, MAX-303), after the
adsorption-desorption equilibrium was reached. Rotating magnetic field
parameters of 10 mT 2 Hz, 10 mT 12 Hz and 10 mT 22 Hz were applied
to the hybrid microhelices for 40 min. A UV-Vis spectrophotometer (Tecan
Infinite 200 Pro) was used to obtain the fluorescent spectra of RhB over time
by taking aliquots of irradiated RhB solution every 10 min for 40 min.
COMSOL Multiphysics simulations COMSOL Multiphysics was used
to understand and illustrate the relationship between the swimming speed
of a microswimmer swarm and the corresponding pollutant degradation
performance. The swarm of microswimmers is represented by circle with
a diameter similar to that of a swarm as observed in experiments. In this
simplified, time-dependent 2D model, the swarm is moved along a circular
path within a closed, circular vessel filled with a solution of organic pollutant at a concentration of 4 mg L−1 . The swarm movement is realized by a
rotating mesh domain, where its rotation speed was chosen such that the
swarm moves at a speed of 0, 19.5 and 125 µm s−1 on its circular path. The
creeping fluid flow is achieved by a slipping wall condition on the interface
to the swarm. The chemical reaction and transport kinetics are defined in
the Chemistry and Transport of Diluted Species COMSOL module. In these
modules, a reactive radical species degrades the organic pollutant into an
inert carbon species. The reactive radical species was modelled as a species
with constant surface concentration of 0.5 pM within the swarm and a
diffusion coefficient of 0, reflecting the short life time of the species. The
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organic pollutant species were modelled as rhodamine B and its diffusion
coefficient of 4 × 10−10 m2 s−1 was implemented in the simulation. These
values are derived from literature. [253] The other Multiphysics model
and material parameters were obtained from the COMSOL Multiphysics
material library. Parameters of chemical reaction and transport kinetics are
not completely representative for the conducted experiments, they however
serve as an illustration of the accelerated organic pollutant degradation
caused by their increased interaction volume with the microswimmers.
3.5.3

Results and Discussion

Recently, there has been a growing interest in the scientific community to
develop novel materials by taking inspiration from nature to mimic some
of their highly evolved and sophisticated biological functionalities. [62],
[254]–[256] Towards this direction, bio-templating has emerged as an interesting candidate to replicate the diverse morphological architectures
and the functionalities of the biological entities. [101], [152], [257] Spirulina
platensis (S. platensis), a microalgae sub-species with a helical shape was
chosen as the bio-template to fabricate magnetic microrobots that are photocatalytic under UV-visible light. [258], [259] Fabrication scheme to fabricate
core-shell, Fe3 O4 @TiO2 hybrid microrobots is presented in Figure 3.22.
Here, presence of a Fe3 O4 core imparts the microrobots with magnetic
as well as visible-light photocatalytic properties, whereas the TiO2 shell
makes the microhelices active under UV-light. [260]–[262] A layer of Fe3 O4
was grown on S. platensis bio-templates by adding them to a solution of
Fe3 O4 nanoparticles (NPs) at ambient temperature and pressure for 48 h
(Figure 3.22 (i)). This was followed by separating theFe3 O4 coated S. platensis templates by centrifugation and performing several cleaning steps in
DI-water. Next, the magnetic micro-helices were coated with an amorphous
titanium oxide layer using sol-gel synthesis (Figure 3.22 (ii)), followed by
annealing them in air at 450 o C in air for 2 h to convert them to crystalline
TiO2 phase (Figure 3.22 (iii)).
Figure 3.23 (a) presents an SEM image of many overlapping S. platensis
bio-templates. Magnified image of a S. platensis bio-templates is provided in
Figure 3.23 (b), from where we can observe that the bio-templates’ surface is
marked by a rough and irregular morphology. Fe3 O4 coated bio-templates
are presented in Figures 3.23 (c, d). From Figure 3.23 (c) we can observe
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Figure 3.22: Fabrication scheme to develop hybrid microrobots.

that after a coating time of 6 h, the rough morpholgy of the bio-template is
still maintained due to the thin iron oxide coating. However, after a coating
time of 48 h, the bio-templates are evenly coated with a uniform layer of
Fe3 O4 NPs (Figures 3.23 (d)). Bio-templates coated with titanum precursor
using a sol-gel method displayed a smooth and even TiOx layer coated
bio-templates (Figure 3.23 (e, f).
Next, Fe3 O4 coated bio-templates presented in Figure 3.24 were coated
with titanium oxide using the above procedure. These Fe3 O4 @TiOx biotemplates were then annealed to crystallise the amorphous TiOx layer.
During annealing, the biological template is removed, resulting in hollow
Fe3 O4 @TiO2 microhelices that possess a highly irregular and rough morphology as shown in Figure 3.24. Hybrid microrobots developed in the
study have a body length of between 50-80 µm and a diameter of about 2.8
µm.
The crystalline structure of hybrid Fe3 O4 @TiO2 microhelices was analyzed using XRD and TEM. XRD investigation performed on the hybrid
Fe3 O4 @TiO2 microhelices (Figure 3.25 (a)) showed a good crystallinity and
all the peaks were assigned to either Fe3 O4 or TiO2 . The diffraction peaks
obtained at 30.3°, 35.9°, 37.2°, 43.6°, 53.6°, 57.6°, 62.9° and 75.3° can be ascribed to the (220), (311), (222), (400), (511), (440) and (533) crystal planes
of cubic Fe3 O4 phase (JCPDS No. 75-0449). [262] Similarly, peaks at 25.4°,
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Figure 3.23: SEM image showing (a) many overlapping bio-templates and (b) its
magnified image. SEM image showing Fe3 O4 sample after a coating
time of (c) 6 h and (d) 48 hr. SEM image showing (e) TiO2 coated
sample and (f) its magnified image. (Scale bars: (a) 150 µm, (b, d) 3
µm, (e) 30 µm, and (f) 10 µm.

38.1°, 38.7°, 48.1°, 54.2°, 55.1°, 69.1°, 70.3° and 82.3° can be assigned to the
(101), (004), (112), (200), (105), (211), (116), (220) and (312) crystal planes of
anatase TiO2 phase (JCPDS No. 73-1764). [248]
Figure 3.25 (b) presents a high angle annular dark field (HAADF) STEM
image of a single hybrid microhelix. From this image we can observe a
uniform tubular helix having a rough morphology. The inset shows its
corresponding SAED pattern. High-resolution transmission electron microscopy (HRTEM) analysis was performed on the area marked in Figure
3.25 (b) and is presented in Figure 3.25 (c). From this, we can observe the
d-spacing of 0.250 nm and 0.293 nm, which corresponds to cubic (311)
and (220) Fe3 O4 planes and the d-value of 0.350 nm, which corresponds to
anatase (101) TiO2 plane. HAADF STEM image of a hybrid Fe3 O4 @TiO2
microhelix is presented in Figure 3.26 (a), showing a tubular structure with
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Figure 3.24: SEM characterisation of Fe3 O4 @TiO2 coated annealed microhelices.(Scale bars: (a, b) 5 µm, (c) 2 µm, (d) 1 µm, and (e, f) 5 µm.

a wall thickness of about 300 nm. From the corresponding EDX mappings,
we can observe an uniform distribution of all elements over the microhelices. Additionally, a magnified HRTEM image of the hybrid microhelix
was obtained near the core-shell region and is presented in Figure 3.26
(b), along with the corresponding EDX mappings obtained for Fe, O, and
Ti elements, from where we can clearly observe that the hybrid structure
consists of a shell composed of Ti and O. This result is further corroborated
from the plot presented in Figure 3.26 (c) which represents the intensity of
Fe and Ti signals obtained along the region marked in Figure 3.26 (b). From
this plot we can observe that the outermost edge (about 50 nm thick) of the
hybrid structure consists predominantly of Ti, with an increasing amount
of Fe signal towards the core. From these characterization results, we can
conclude that our hybrid microhelices are tubular structures with a rough
morphology, and are composed of a 50 nm thick TiO2 shell and a hollow
Fe3 O4 core with a wall thickness of about 300 nm.
In this work, we have also fabricated microhelices composed of only
Fe3 O4 and TiO2 and compared their optical and photocatalytic properties
to the core-shell Fe3 O4 @TiO2 hybrid microstructures. The light absorption
properties of microhelices composed of Fe3 O4 , TiO2 and Fe3 O4 @TiO2 were
investigated using UV-visible diffuse reflectance spectra (DRS). From Figure 3.27 (a), we can observe that for TiO2 microstructures light absorption
is limited to the UV-light region, whereas, Fe3 O4 microstructures exhibit
absorption in the UV and visible light region. The hybrid Fe3 O4 @TiO2
microstructures display a strong absorbance in the UV and visible light
region, similar to the Fe3 O4 microstructures. The bandgaps of these micro71

Figure 3.25: (a) XRD patterns obtained for hybrid Fe3 O4 @TiO2 microhelices. (b)
HAADF STEM image obtained for a hybrid microhelix and the inset
shows its corresponding SAED pattern. (c) HRTEM image obtained
in the area marked in (b), showing the presence of cubic Fe3 O4 and
anatase TiO2 .

helices were calculated using the Kubelka-Munc function (αhν)2 vs photon
energy (hν) for the indirect bandgap semiconductors (Figure 3.27 (b)). The
bandgaps were estimated to be 1.6 eV, 3.2 eV and 2.2 eV for Fe3 O4 , TiO2
and Fe3 O4 @TiO2 microstructures, respectively, which are consistent with
literature. [261]–[263] From the bandgap value of 2.2 eV, it can be concluded
that Fe3 O4 @TiO2 microstructures can be used as photocatalysts under UV
and visible light.
The ability of our microhelices to degrade organic pollutant, RhB using
UV-visible light and natural sunlight was investigated. From Figure 3.27
(c) we can observe that all three types of microhelices, i.e.Fe3 O4 , TiO2 , and
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Figure 3.26: (a) HAADF STEM image obtained for a single hybrid helix and
the corresponding EDX maps obtained for Fe, O and Ti, with the
superimposed images clearly showing a uniform distribution of all
elements on its surface. (b) HRTEM image obtained at the edge
of a hybrid microhelix and its coressponding EDX maps shoing
the presence of a shell composed of Ti and O. (c) Plot showing the
distirbution of Ti and Fe elements along the region marked in (e),
which clearly depicts presence of a 50 nm thick edge that is rich in
Ti.

the hybrid Fe3 O4 @TiO2 were able to gradually degrade RhB dye under
UV-visible light over 75 min. In contrast, the control sample (without any
microhelices) and sample with only the bio-template of S. platensis displayed
a negligible response. The hybrid microstructures exhibited a 97% RhB
degradation rate, in comparison to a 41% degradation rate obtained for TiO2
microstructures and only 24% for Fe3 O4 microstructures. A quantitative
analysis of these degradation rates is given by comparing their reaction rate
constant k, which can be defined by the Equation 3.3:
C
= −kt
(3.3)
C0
where k is the reaction rate constant, Co is the initial RhB concentration,
and C is the RhB concentration at a given time t. This calculation is based on
the assumption that the kinetics of the RhB degradation reaction catalyzed
by the microstructures are pseudo-first-order reactions. These results are
presented in Figure 3.27 (d), where we can observe that Fe3 O4 microstructures displayed the slowest photocatalytic rate constant of 0.003 45 min−1 .
ln
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Figure 3.27: (a) UV-Vis DRS spectra obtained for Fe3 O4 , TiO2 and Fe3 O4 @TiO2
microhelices and (b) the corresponding Kubelka-Munc plot. (c) Photocatalytic degradation curves of RhB obtained under UV-visible
light and mechanical stiring. (d) Comparison of corresponding degradation rate constants.

In comparison, TiO2 microstructures with a k-value of 0.007 07 min−1 , were
almost twice as fast in degrading RhB. The photocatalytic rate constant
obtained for hybrid Fe3 O4 @TiO2 microstructures (0.047 05 min−1 ) outperformed TiO2 and Fe3 O4 microstructures by 6.7 and 13.6 times, respectively.
Additionally, our hybrid microstructures also demonstrated excellent
reusability performace over 10 consecutive runs (Figure 3.28 (a)), indicating
their high chemical stability as well as their good recovery after each water
treatment. Next, when the photocatalytic reactions were conducted under
natural sunlight, the hybrid structures degraded 99.8% of RhB in 50 min
(Figure 3.28 (b)).
To explain the superior performance of hybrid Fe3 O4 @TiO2 microstructures over the Fe3 O4 or TiO2 microstructures, we first explore the underlying
mechanism behind photocatalysis. When a semi-conductor is irradiated
with light, electrons are excited from the valence band (VB) to its conduction
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Figure 3.28: (a) Photocatalytic reusability of hybrid Fe3 O4 @TiO2 microhelices,
(b) Photocatalytic degradation under sunlight. (c) Photocatalytic
degradation scheme.

band (CB), leaving behind holes in its VB and thus creating electron-hole
pairs on its surface. These electron-hole pairs initiate a series of redox reactions by converting oxygen and water into highly reactive oxygen species
such as, superoxide (O2 •− ) and hydroxyl (OH•) radicals. These radicals are
directly responsible for photocatalytic degradation of organic molecules
into harmless products (Figure 3.28 (c)). With a bandgap of 1.6 eV, Fe3 O4
microstructures are capable of absorbing UV as well as visible light to create electron-hole pairs. However, this small bandgap leads to an increased
electron-hole recombination rate, which significantly reduces their photocatalytic efficiency. In contrast, TiO2 microstructures are wide bandgap
photocatalysts (3.2 eV) with a light absorption limited to the UV region,
which explains their poor photocatalytic performance. Combining small
and wide bandgap photocatalysts improves the photocatalytic efficiency
by absorbing a wide spectrum of light, and by reducing recombination
rate of photogenerated electron-hole pairs. In our study, the hybrid mi75

crostructures’ enhanced photocatalytic performance can be explained by
their strong absorption of UV and visible light, as well as by the fast interfacial charge transfer between Fe3 O4 and TiO2 . Under UV-visible light or
natural sunlight, photogenerated electrons in Fe3 O4 are excited from its VB
to its CB, and by absorbing UV light, the electrons in TiO2 are excited to its
CB. When Fe3 O4 and TiO2 are brought in contact with each other, the excited electrons in the CB of Fe3 O4 are transferred to the CB of TiO2 , which is
an electron acceptor and readily accepts these electrons. Similarly, the holes
left behind in the VB of TiO2 are transferred to the VB of Fe3 O4 , leading to
a separation of photogenerated electron-hole pairs and suppression of their
recombination. Hence, in this narrow-wide bandgap photocatalysis system,
the photogenerated electron-hole pairs have an increased lifetime of the
charge carriers, resulting in their improved performance over a narrow or
wide bandgap photocatalyst.
To develop cost-effective photocatalysts for practical applications it is
important that they can be easily collected for reuse and to avoid secondary
pollution due to their loss. Use of Fe3 O4 endows our helical microstructures
with superparamagnetic properties which can be exploited for their magnetic control. Towards this effect, we used wireless magnetic fields to propel
our hybrid Fe3 O4 @TiO2 microstructures. During our study we observed
that the hybrid microstructures could be wirelessly actuated and displayed
a corkscrew motion. Figure 3.29 (a), provides a time-lapse image showing a single hybrid Fe3 O4 @TiO2 microstructure performing a controlled
corkscrew motion on a pre-defined trajectory under rotating magnetic fields
(10 mT and 12 Hz). It was also possible to control a swarm of several hybrid
microstructures and steer them to desired locations (Figure 3.29 (b)). Next,
we studied the swimming characteristics of hybrid microhelices as a function of different rotating magnetic fields and frequencies (Figure 3.29 (c)).
From this plot we can observe that the hybrid helices exhibited increasing
forward velocities with increasing magnetic field strength, until reaching
their step-out frequency. The fastest swimming speeds were obtained for
a magnetic field strength of 10 mT and a rotational frequency of 12 Hz,
whereas the slowest velocity was obtained at 2 Hz and the step-out frequency set-in at 14 Hz.
Next, we investigated the influence exerted by the swimming characteristics of the microstructures on their photocatalytic degradation efficiency. For
these experiments, we designed special chambers to conduct photocatalytic
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Figure 3.29: (a) Time-lapse image showing magnetic manipulation and steering
of (a) a single hybrid microhelix and (b) a swarm (10 mT and 12
Hz), scale bar 50 µm. (c) Swimming speeds obtained for hybrid
microhelices under different magnetic field strengths and rotational
frequencies.

experiments on a swarm of hybrid microstructures using a UV-visible light
source and integrated it within our magnetic manipulation system. We designed this experiment to study the photocatalytic efficiency of Fe3 O4 @TiO2
microstructures under static conditions (no magnetic fields), at their lowest
(19.5 µm/s at 10 mT, 2 Hz), and highest (125 µm/s at 10 mT, 12 Hz) forward velocities, and at their step-out frequency, where they demonstrated
intermediary speeds (56 µm/s at 10 mT, 22 Hz).
Figure 3.30 (a) presents the results obtained during this study from
where we can clearly observe that the photocatalytic degradation efficiency
is highly dependent on the swimming characteristics exhibited by the hy77

Figure 3.30: (a) Photocatalytic degradation curves obtained for hybrid microhelices using UV-visible light under continuous magnetic field induced
swimming at different speeds and (b) the corresponding photocatalytic degradation rate constants.

brid microstructures. Static samples displayed the worst photocatalytic
performance, probably due to agglomeration and poor diffusion. Hybrid
helices swimming at low and intermediary speeds exhibited an improved
photocatalytic performance in comparison to the static samples. Additionally, the hybrid microstructures that were swimming at the highest speed
exhibited the most enhanced photocatalytic performance (k-value of 0.107
min−1 ). These results are further represented by their reaction rate constants in Figure 3.30 (b). From this plot we can clearly observe that the
microstructures swimming at the highest speed (10 mT, 12 Hz) displayed
a photocatalytic degradation rate that is 2.9 times higher than the intermediary speed and about 6.3 times higher than the slowest swimming
microhelices. It is also important to note that in comparison to static microhelices, mobile microhelices swimming at the highest speed displayed an
increase in RhB degradation rate up to a factor of 11.2 times. These results
for mobile swimmers can be explained by an enhanced diffusive mass
transport, and the subsequent rapid intermixing of the photogenerated
radicals with the surrounding RhB molecules, which leads to their superior
catalytic efficiency. [101], [243] This further explains the increasing catalytic
efficiency obtained under increasing swimming speeds.
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Figure 3.31: (a) COMSOL simulated degradation curves obtained under different
swimming speeds. (b) Corresponding simulation results showing
the organic pollutant degradation efficiencies obtained under different swimming speeds. Color bar represents concentration of organic
pollutant, RhB, as C/Co , where Co is the starting pollutant concentration.

To verify our hypothesis we used COMSOL Multiphysics software to
simulate the influence of microswimmers’ motion on their subsequent catalytic reaction performance (Figure 3.31 (a)). From this plot we can observe
that the most enhanced cleaning rate was obtained for swimmers swimming at the highest speed (125 µm/s). Figure 3.31 (b) presents a collage of
time-lapse images taken from the COMSOL simulations that qualitatively
show the organic pollutant degradation performance obtained for different
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swimming speeds after 1000 s.
Here, the outer circle represents a closed container filled with organic
pollutant, whereas the small circle near the center represents a swarm of
microswimmers swimming on a circular path. These microswimmers are
assumed to have a constant surface concentration of radicals which leads
to the degradation of the organic pollutant. The color scale represents the
relative organic pollutant concentration as C/Co , where Co is the initial pollutant concentration of 4 mg L−1 . These results indicate that the swimmers
swimming at 125 µm/s demonstrate the most enhanced degradation rate
due to the larger volume of pollutants coming into direct contact with the
swimmers. For the static microswimmers, the degradation rate is diffusion
limited and thus much smaller. Hence, these results highlight the benefits
of continuously actuating the microswimmers at their optimal speed in
order to obtain the most enhanced water remediation performance.
3.5.4

Summary

In this work, we have used bio-templating and sol-gel synthesis to fabricate
core-shell Fe3 O4 @TiO2 microhelices for UV-visible light driven photocatalytic water remediation. These hybrid microhelices developed in this work
have a bandgap of 2.2 eV and were able to absorb UV and visible light and
degrade over 97% of RhB dye within 75 min (k-value of 0.047 min−1 ). We
also demonstrated their use under natural sunlight to photocatalytically
degrade 99.8% of RhB in 50 min. Magnetic characterization revealed a paramagnetic nature of the hybrid microhelices and wireless rotating magnetic
fields were employed to precisely propel and steer them in a corkscrew motion. We further investigated the effect of continuous magnetic propulsion
on the photocatalytic reaction rates and discovered that mobile swimmers
exhibited superior performance over the static microhelices. The microstructures swimming at the highest speed of 125 µm/s exhibited 11.2 times
higher reaction rate than the static microhelices (k-value of 0.107 min−1
vs. 0.009 min−1 , respectively). Additionally, the microhelices swimming
at intermediary speeds of 56 µm/s and the lowest speeds of 19.5 µm/s
demonstrated 6.3 times and 2.9 times lower photocatalytic efficiency than
the fastest swimmers. This superior performance of mobile swimmers over
the static ones can be explained by their enhanced diffusive mass transport
and rapid intermixing. We also corroborated our experimental findings
by performing COMSOL simulations to study the influence of swimming
80

speed of a swarm of microswimmers on the catalytic degradation rate of
an organic pollutant.
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4
M E C H A N I C A L S T R E S S - I N D U C E D C ATA LY S I S

In Chapter 3, the significant role played by light-activated catalysts for
degradation of a variety of organic pollutants was explored in detail. In
addition, some of the obstacles faced by photocatalysts, such as, poor
light absorption and high electron-hole recombination rate were also discussed. Common strategies to circumvent these challenges include bandgap
tuning, formation of composite semiconductors, doping with anions and
non-metals, metal ion implantation, and introducing lattice defects, to name
a few. Despite these impressive efforts, photocatalysts still suffer from low
efficiency due to their high electron-hole recombination rate, which severely
limits their practical implementation. Recently, there has been a growing
interest in employing piezoelectric materials that can generate localized
electric fields to efficiently separate electron-hole pairs, and thus, improve
their catalytic performance. In this direction, piezoelectric materials have
been used to catalytically degrade organic pollutants by scavenging energy
from waste energies such as, mechanical vibrations, stress, and noise. Piezoelectric materials are often coupled with photocatalysts to increase their
charge carrier density and to improve the catalytic degradation efficiency
of the coupled system.
4.1

piezoelectric materials

The term piezoelectricity is derived from two Greek words; "piezo" which
means to press and "electron" that refers to amber, a source of electric charge.
Thus, piezoelectric materials experience an internal electric field when exposed to mechanical stress or vibrations and vice versa. This electric field
(piezoelectric field) originates from a break in the inversion symmetry in
non-centrosymmetric materials, which leads to formation of electric dipoles
within the material. [264], [265] Strength of these dipoles changes with the
applied strain, which further generates changes in the electric field across
the material.
Piezoelecric materials can be divided into three categories, i.e. piezoelectrics, pyroelectrics, and ferroelectrics. When no stress is applied, piezo83

Figure 4.1: (a) Non-centrosymmetric ZnO wursite crystal, (b) dipole moment generated in stressed ZnO unit cell, [268] and (c) corresponding piezopotential in a ZnO wire. [265], [269] (d) Piezopotential generation in
pyroelectrics. [270] (e, f) PFM analysis showing ferroelectric switching
with opposite polarity seen for oppositely poled regions. [271]

electric materials have no electric dipoles . However when stressed, their
atoms are displaced from their original positions giving rise to a non-zero
electric field and formation of positive and negative charges on opposite
and outer faces of the crystal. [266], [267] For instance, ZnO crystal is a
hexagonal wursite crystal is non-centrosymmetric, where the Zn2+ cations
and O2 – anions being tetrahedrally coordinated (Figure 4.1 (a)). The centers
of these positive and negative ions overlap with each other and do not
exhibit spontaneous polarization. When a unit cell of ZnO is stressed, the
original atomic positions of O2 – and Zn2+ are displaced, giving rise to
a dipole moment in the unit cell Figure 4.1 (b)). [268] As a result, when
stressed, a ZnO crystal gains a piezoelectric potential due to the collective
induced polarization of charges in the whole unit cell when it is stressed
(Figure 4.1 (c)). [265], [269]
Pyroelectric materials are a subclass of piezoelectric materials that experience spontaneous polarization. When stress or a temperature gradient
is applied to pyroelectrics, transient changes in their positive and negative
charge centers are induced, leading to generation of an internal electric
field across the pyroelectric material. [272], [273] Figure 4.1 (d) presents the
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principle scheme observed for pyroelectric bismuth ferrite during thermal
excitation. From Figure 4.1 (d) we can observe that under changing temperatures, the pyroelectric material cycles between stages of thermodynamic
equilibrium with the surrounding electrolyte, and development of surface
potential. [270], [274] Similar to pyrolectrics, ferroelectric materials also
exhibit spontaneous polarization. Additionally, their spontaneous dipoles
do not need to be aligned from one unit cell to the next, unlike piezoelectric
and pyroelectric materials. Regions where the dipoles are aligned in the
same direction are called domains. Direction of spontaneous polarization
in a ferroelectric material can be reversed by applying a strong electric
field. [275], [276] Hence, spontaneously polarized materials with reversible
polarizations are called ferroelectrics. Figure 4.1 (e) presents the analysis
performed on a ferroelectric gallium ferrite substrate using a piezo-force
microscopy (PFM). The phase hysteresis loop shows a 180° switching of the
piezoelectric domains, while the amplitude-voltage loops presents a characteristic butterfly loop. Figure 4.1 (f) presents a PFM phase map showing
ferroelectric switching, where opposite polarity was observed for oppositely
poled regions. [271]
4.2

piezoelectric-effect induced catalysis

Piezoelectric materials generate an internal electric field through strain,
temperature, or spontaneously. This internal electric field plays a pivotal
role on influencing the electronic properties of these materials. These electric fields are responsible for altering the energy of electronic states in
the material, which results in rearrangement of free charges, inside and
outside the material. [166], [277] This rearrangement can lead to significant
changes in charge carrier conduction properties between the piezoelectric
material and its surrounding medium (such as a chemical solution). The
phenomenon by which modulations are induced in the electrical transporting property at the piezoelectric-electrolyte heterojunction is known
as the piezotronic affect. [278] This effect has been extensively studied and
applied to control the rate of corrosion of materials, to selectively alter
the energetics of photodeposited materials, and to initiate electrochemical
reactions taking place across the piezoelectric/solution interface. [279]–[282]
Use of internal electric fields to enable or enhance electrochemical processes by exploiting the strained state of a piezoelectric material is referred
to as piezocatalysis. Piezocatalysis is the product of a synergistic interac85

tion between the piezoelectric materials’ electronic state, the chemistry of
the surrounding medium, and the strain induced piezoelectric potential
(piezopotential). [264] In order to clearly understand the mechanism behind
piezocatalysis process, we first take a look at a conventional electrocatalysis
process, where an external power source applies a voltage to an electrode
in an electrolyte that drives the electron transfer reactions (Figure 4.2 (a) (i)).
This applied voltage can either raise the potential above the unoccupied
states in the solution or lower the potential below the occupied states in
the solution. In the former case, it’s favorable for the electrons to flow
from the occupied states in the electrode to the unoccupied states in the
electroactive species in the solution (Figure 4.2 (a) (ii)). [283] In the latter
case, it is favorable for the electrons to flow from the occupied states in
the electroactive species in the solution into the unoccupied states in the
electrode (Figure 4.2 (a) (iii)).
Now, when a perfectly insulating piezoelectric material is placed in
a chemical solution without any strain, it is in equilibrium with its surrounding environment (Figure 4.2 (a) (iv)). Under mechanical deformations,
the piezoelectric material generates an internal electric field (Ppz), which
results in alterations in the energy bands of the occupied (valence band)
and unoccupied (conduction band) states across the material. This results in
lifting and lowering of the valence and conduction bands, which facilitates
movement of electrons from the piezoelectric surface into the solution or
vice versa (Figure 4.2 (a) (v, vi)).
Piezoelectric materials are capable of reaching extremely high potentials
(tens to hundreds of volts) when subjected to moderate strains. Due to
this property, many chemical species that come in contact with a strained
piezoelectric material will be thermodynamically capable of undergoing
reduction or oxidation reactions. [149] Towards this effect, use of piezocatalysis has been investigated to study selective etching of ferroelectrics
(such as LiNbO3 ) for microelectromechanical (MEM) device fabrication,
where negative domains tend to etch faster. [287], [288] Additionally, piezoelectric potential has been used to control and direct atomic deposition
and growth of new materials. Here, ferroelectric polarization behaves as a
"mask" and directs the selective growth and deposition of materials. [289]
For instance, when ferroelectric barium titanate (BaTiO3 ) (BTO) nanoparticles were dispersed in a solution containing silver and lead salts that was
exposed to UV light, it was revealed that silver photodeposited only on
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Figure 4.2: (a) Effect of applying a sufficient (ii) positive or (iii) negative bias to a
metal electrode at (i) equilibrium. Piezoelectric material with no stress,
at equilibrium (iv) and under stress (v, vi). [283] (b, c) piezopotential
driven selective photodeposition on BTO. [284], [285] (d) Piezoelectric
polymerisation of PANI on BTO. [286]

the (001) facet, whereas, lead oxide deposited on the (110) and (111) facets
of BaTiO3 (Figure 4.2 (b)). [284] This can be explained by the spontaneous
polarization exhibited by ferroelectrics that leads to migration and accumulation of charges on opposite sides of BaTiO3 . Thus, the internal electric
field in a ferroelectric material acts like a p-n junction whose strength
determines the extent of band bending at the interface between BaTiO3
and the electrolyte. [149] Due to this intrinsic built-in electric field, when
photogenerated electron-hole pairs are created in BaTiO3 under UV light,
they are efficiently separated and migrate to opposite ends, resulting in
the reduction (silver) and oxidation (lead) reactions taking place on different sides of BaTiO3 (Figure 4.2 (c)). [285], [290] Using a similar approach,
BaTiO3 nanocubes were subjected to mechanical vibrations and the subsequently induced piezopotential was used to electrochemically polymerize
polyaniline (PANI) to form core-shell BaTiO3 @PANI nanocubes (Figure
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Figure 4.3: (a) PZT nanoparticles’ stirring rate dependent RhB degradation (scale
bar: 2 µm and the corresponding (b) piezocatalytic degradation mechanism. [293] (c-d) Similar results obtained for PZT nanowires. [294]

4.2 (d)). Piezopotential has also been exploited for controlling the fate of
electrochemical reactions such as, degradation of organic compounds and
water splitting. The discussion in the subsequent section will focus on the
role played by piezocataylsis in initiating as well as enhancing various
environmental remediation efforts. [286]
4.3

piezocatalysis for environmental applications

The piezoelectrochemical (PZEC) effect or the direct conversion of mechanical energy to chemical energy was first reported in 2010. [291] Under the
PZEC effect, mechanical stress induced localized polarization charges can
be effectively exploited for generation of electric charges, and separation,
and migration of these charges by modifying the local electric field at the
piezoelectric-electrolyte interface. [267], [292] Starr et al. provided theoretical analysis on the piezocatalysis effect and established that the strain
induced piezopotential can generate sufficient energy to drive various oxidation and reduction reactions. [283]
Piezocatalytic efficiency depends strongly on many factors including,
a materials’ piezoelectric coefficient (d33 ), its intrinsic carrier density and
mobility, as well as the spontaneous polarization value. Lead zirconium
titanate Pb(Zr0.52 Ti0.48 )O3 (PZT) has one of the highest piezoelectric coefficients with a d33 value of 420 pm V−1 , which has resulted in a lot of interest
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in developing efficient piezoecatalysts using PZT. [295] Spherical PZT particles with a diameter between 1.5 µm to 2.5 µm were developed to study the
influence of varying mechanical deformation strength on degradation of
model organic pollutant, RhB (Figure 4.3 (a)). [293] In this work, the authors
demonstrated that at a stirring speed of 200 rpm, only 10 % of RhB was
degraded in 150 min, whereas, when the stirring speed was increased to
900 rpm, 37 % of RhB was degraded (Figure 4.3 (a) (b)). These results were
explained by creation of a strong electric field induced in PZT at higher
stirring speeds (due to a higher stress experienced by PZT under these
conditions). In the same study it was demonstrated that PZT doped with
bismuth and iron displayed the highest piezocatalytic performance due to
an abundance of charge carriers, while undoped PZT displayed the almost
negligible performance. The authors argued that an efficient piezocatalyst
must contain many free intrinsic charge carriers, which can lead to generation of a strong piezopotential under stress (Figure 4.3 (c)). Similarly, PZT
nanofibers with a diameter of 500 nm were fabricated using hydrothermal
approach and analyzed for piezocatalytic degradation of organic pollutant, acid orange (AO7) (Figure 4.3 (c)). Under mechanical vibrations, PZT
nanofibers degraded over 80 % of AO7 dye within 50 min. This elevated
degradation performance of PZT nanofibers can be attributed to their high
deformation and generation of a large number of electric charges (Figure
4.3 (d)). [294] Despite their enhanced performance, lead based piezoelectric
materials are witnessing a diminishing role in environmental remediation
applications due to concerns regarding secondary contamination of water
with this toxic heavy metal.
In this direction, a lot of research has been conducted for developing
environmentally friendly piezoelectric materials that can demonstrate enhanced piezocatalysis. Recently, Wu et al. fabricated ferroelectric BaTiO3
nanowires (BTO-1) and nanoparticles (BTO-2) and studied the influence
of shape on piezocatalysis. [296] In their study they observed that BTO
nanowires displayed enhanced piezocatalytic degradation of methyl orange
dye in comparison to BTO nanoparticles. They used COMSOL simulations
to explain this result and observed that under deformation, nanowires
induced a higher piezopotental than the nanoparticles, due to their higher
aspect ratio (Figures 4.4 (a, b)). Figure 4.4 (c), presents the principal scheme
of piezocatalysis for BTO from where it can be observed that BTO’s CB
energy level (-0.83 V vs. normal hydrogen electrode (NHE)) is more negative
than the standard redox potential of O2• – /O2 . Similarly, its valence band
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Figure 4.4: (a) Shape-dependent piezopotential generated on BTO nanowires
(BTO-1) and nanoparticles (BTO-2) and (b) the corresponding degradation curves. (c) Piezopotential driven organic pollutant degradation
mechanism of BTO. [296] (d) BTO nanodendrites for piezocatalytic
water splitting. [291]

(+2.31 V vs. NHE) is more positive than the redox potential of •OH/OH
(+1.9 V vs. NHE). Despite this, when BTO was in a relaxed state, no obvious degradation of organic pollutants was observed, due to the very low
number of electric charges in BTO when it is at thermal equilibrium (in the
absence of stress). However, upon application of stress, the piezoelectric
potential gradient within BTO attracts free charges on opposite sides of the
crystal where they react to oxygen and water to form radicals. Once these
free charges balance the polarization charges, the piezoelectric potential
falls to zero, resulting in a new thermodynamic equilibrium where no redox
reactions take place. This new equilibrium will break down with changing mechanical deformations, resulting in reversal of charge transfer and
continuation of redox reactions. Hong et al., studied BTO nanodendrites
as well as zinc oxide (ZnO) nanowires for piezocatalytically induced water
splitting. [291] In this study they observed that under ultrasonic deformations, both ZnO and BTO nanostructures were successful in splitting
water into hydrogen and oxygen gases with a stoichiometric equivalence
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Figure 4.5: (a) Piezo-photocatalytic mechamisn for degradation of organic
pollutants. [297] (b) Piezo-photocatalysts (b) ZnO@CuS, [298] (c)
ZnO@TiO2 , [299] (d) ZnO-FeS for degradation of organic pollutants. [300]

of H2 :O2 equal 2:1 (Figure 4.4 (d)). ZnO produced oxygen at a rate of
1.7 × 10−3 ppm/s, whereas, BTO produced five times higher amount of
oxygen.
4.4

piezo-photocatalysis for environmental applications

Apart from developing efficient piezoelectric materials for environmental
remediation, significant progress has been made towards developing novel
materials with photocatalytic as well as piezoelectric properties. When
photocatalytic functionality is added to a piezoelectric material, the coupling of piezoelectric and photonic properties in a non-centrosymmetric
semiconductor is known as the piezo-phototronic effect. [166], [297] These
piezo-photocatalysts demonstrate enhanced catalytic efficiency by allowing
the possibility of fine tuning and offering a high degree of control over
charge carrier generation, their transport, migration, as well as their recombination at the semiconductor/piezoelectric junction. [277] In the following
sections, recent progress made in the field of piezo-photocatalysis will be
discussed.
Figure 4.5 (a) depicts the principle behind piezo-photocatalysis whereby,
the photogenerated electrons and holes are efficiently separated due to
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Figure 4.6: (a) BTO@Ag2 O nanoparticles (b) for enhanced piezo-photocatalytic
degradation of RhB. [139] PMN-PT@TiO2 piezo-photocatalysts under
different types of strain with (c) simulated piezopotential and (d) the
corresponding surface charge separation mechanism. [301]

the built-in piezoelectric field, and hence, migrate towards opposite sides
of the material to take part in various redox reactions. [297] Hong et al.,
developed core-shell ZnO@CuS piezo-photocatalytic nanowires that were
able to degrade 100 % of organic pollutant, MB, under the stimuli of light
and ultrasound. [298] In comparison, when only light was used, only 37 %
of the organic dye was degraded. This improvement was attributed to the
built-in electric field at the interface of the two materials that directed the
photogenerated electrons from the CB of CuS into the CB of ZnO, while
the holes migrated from the VB of ZnO into the VB of CuS (Figure 4.5
(b)). Similarly, Wang et al., demonstrated that the photocatalytic activity of
ZnO/TiO2 hybrid nanoplatelets improved by 20 % when they were placed
under thermal stress (Figure 4.5 (c)). [299] Piezoelectric ZnO nanowires
decorated with visible light active FeS nanoparticles, degraded 75 % of MB
dye within 50 min, under light, whereas when both light and mechanical
vibrations were used simultaneously, almost all of the MB was degraded
within the same time frame (Figure 4.5 (d)). [300]
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In addition to using ZnO, recently research has been focusing on
utilizing more efficient piezoelectric materials to develop novel piezophotocatalyst with improved catalytic performance. [302] For instance,
in order to overcome saturation of the static built-in electric field, Li et al.,
developed novel hybrid catalysts by combining ferroelectric BTO with visible light photocatalyst Ag2 O (Figure 4.6 (a)). [139] Under periodic ultrasonic
excitation, the spontaneous polarization in BTO nanoparticles acts as an
alternating built-in electric field that can immediately separate the photoinduced charge carriers. As a result, the core-shell BTO@Ag2 O nanoparticles
demonstrated the most enhanced RhB degradation rate (Figure 4.6 (b)).
Similarly, Dai et al., developed a novel piezo-photocatalyst by utilizing
lead magnesium niobate-lead titanate (PMN-PT) as the piezoelectric material due to its extremely high piezoelectric coupling coefficient (d33 ) of
2500 pm V−1 (30 times higher than BTO). PMN-PT was combined with
TiO2 NPs to endow these particles with photoactivity. Under ultrasonic
vibrations, 50 % improvement in photocatalytic degradation of RhB dye
was observed when PMN-PT@TiO2 nanocubes were used. COMSOL simulations were performed to study the effect of different types of deformation
on the induced piezopotential on PMN-PT cubes. Additionally, they explored three types of piezoelectric potentials that were randomly generated
on PMN-PT and PMN-PT@TiO2 cubes under ultrasonic vibrations (Figure
4.6 (c)). The corresponding spatial electric potential generated on PMN-PT
nanocubes’ surface was explored, according to which, the photogenerated
holes and electrons simultaneously migrated towards positive and negative
potential surfaces of PMT-PT@TiO2 , respectively (Figure 4.6 (d)). [301]
Bismuth ferrite, BiFeO3 (BFO) is one of the most interesting piezocatalytic materials due to its multiferroic nature, which allows for coupling
of ferroelectric as well as ferromagnetic properties, and displays high potential for application in magnetoelectric multifunction devices. [303] BFO
possesses excellent ferroelectric properties with a large spontaneous polarization in excess of 100 µC cm−2 and piezoelectric coefficient (d33 ) of
about 100 pm V−1 . [305] Additionally, BFO also exhibits good pyroelctric
properties with a pyroelectric coefficient of 90 µC m−2 K−1 . [270], [306] You
et al., developed single-phase BFO microsheets and used them to degrade
over 95 % of RhB dye within 80 min using ultrasonic vibrations (Figure 4.7
(a)). [303] Additionally, Wu et al., used 100 nm sized BFO nanoparticles to
degrade RhB dye using the pyroelectric effect. In this work, 99 % of RhB
dye was degraded by subjecting BFO NPs to alternating cold-hot thermal
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Figure 4.7: RhB pollutant degradation obtained forBiFeO3 under (a) piezocatalysis, [303] (b) pyrocatalysis, [274] and (c) piezo-photocatalysis. (d) Surface charge separation mechanism obtained for BiFeO3 @TiO2 . [304]

cycles (27 ◦C to 30 ◦C) (Figure 4.7 (b)). [274] Recently, BFO was also coupled
to TiO2 to develop efficient piezo-photocataylsts, where the reaction rate
constant obtained for piezo-photocatalysis was 556 % and 338 % higher
than that of piezocatalysis, and photocatalysis, respectively (Figure 4.7 (c,
d)). [304]
From the above discussion it is clear that the built-in field of a piezoelectric material has a strong potential to separate charge carriers and to
prolong their lifetime. Additionally, when photocatalytic semiconductors
are coupled with piezoelectric materials, the resulting piezo-photocatalytic
degradation rates are much more elevated, in comparison to when only
a photocatalyst or a piezocatalyst are used. Among the various piezoelectric materials discussed above, BFO exhibits not only excellent ferroelectric properties, but also possesses multiferroic properties. Due to this, a
piezopotential can be induced in BFO by using mechanical vibrations as
well as magnetic fields. Additionally, BFO has also demonstrated promising
visible-light active properties, due to its small bandgap between 2.1 eV and
2.4 eV. [307], [308] Many investigations have been already carried out to
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study BFO’s ability to successfully degrade a variety of organic pollutants
by initiating a series of redox reactions under UV as well as visible light.
Keeping these points in mind, we fabricated and studied single phase, BFO
nanostructures’ ability to degrade a variety of organic pollutants under the
stimuli of light, mechanical vibrations, and magnetic fields. Utilization of
this system, will bypass the need to couple piezoelectrics to photocatalytic
semiconductors, and as a result, will allow for a simplified fabrication
process and a more robust and efficient catalytic system.
4.5

single-phase bismuth ferrite nanostructures

Designing new catalysts that can efficiently utilize multiple energy sources
can contribute to solving the current challenges of environmental remediation and increasing energy demands. In this work, we fabricated single
crystalline, BiFeO3 (BFO) nanosheets and nanowires that can successfully
harness visible light and mechanical vibrations and utilize them for degradation of organic pollutants. Under visible light both BFO nanostructures
displayed a relatively slow reaction rate. However, under piezocatalysis
both nanosheets and nanowires exhibit higher reaction rates in comparison to photocatalytic degradation. When both solar light and mechanical
vibrations were used simultaneously, the reaction rates were elevated even
further, with the BFO nanowires degrading 97% of RhB dye within 1 h
(k-value of 0.058 min−1 ). The enhanced degradation under mechanical vibrations can be attributed to the promotion of charge separation caused
by the internal piezoelectric field of BFO. BFO nanowires also exhibited
good reusability and versatility towards degrading four different organic
pollutants.
4.5.1

Introduction

Environmental pollution and shortage of clean energy are among the most
pressing problems that threaten sustainable development of human civilization. Water pollution caused by discharge of toxic, synthetic dyes into
effluents is one of the major sources of environmental pollution. [9] The
presence of even trace amounts of these synthetic dyes in water is extremely
harmful because of their carcinogenic and mutagenic nature. [236], [237],
[309], [310] Due to their high solubility and chemical stability, most of these
synthetic dyes easily escape conventional water treatment methods and
persist in the environment. [311] Advanced oxidation process (AOP) is a
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cost-effective and green approach to degrade such toxic dyes into harmless
products, such as CO2 and H2 O, using highly reactive species including
hydroxyl and superoxide radicals. [312], [313]
Photocatalysis is one of the most extensively researched fields of AOP, in
which a semiconductor with a suitable bandgap can efficiently absorb light
and form photogenerated electron-hole pairs. These electrons and holes can
then migrate to the surface of the photocatalyst and initiate the oxidative/reductive processes, resulting in degradation of organic pollutants. [314] One
of the main drawbacks that limits practical use of photocatalysts is the high
electron-hole recombination rate, which ultimately lowers their photocatalytic efficiency. To overcome this problem, wide bandgap semiconductors
such as titanium dioxide (TiO2 ) are extensively used. However, having
a wide bandgap limits the light absorption of these materials to the UV
region. [315] Hence, researchers have proposed new strategies, including developing novel nanostructures, using co-catalysts (Pt, Pd and RuO2 ), doping
with rare-earth or transition metals, and fabricating heterojunctions in order
to tune the bandgap of these materials, to lower the electron-hole recombination rate, and to increase the lifetime of the charge carriers. [177], [211],
[248], [251], [316] Although such approaches can improve the separation of
photogenerated electrons and holes, they rely heavily on the use of expensive catalysts such as noble metals and suffer from complicated fabrication
processes, which, in turn, create obstacles to their practical application. [299]
Apart from chemically modifying the wide bandgap, physical methods
such as the application of external electric fields to an electrochemical cell
were also employed to separate the electron-hole pairs and, hence, improve
their photocatalytic performance. [317], [318] Even though this method has
demonstrated strong potential to increase the photocatalytic efficiency, its
high cost, complicated device structure, and difficult operation conditions
provide significant challenges for practical use. [149], [298], [299]
Generating a localized electric field directly on a photocatalyst’s surface
is a more practical approach than applying a macroscale electric field in a
chemical cell due to cost and lower energy consumption. Combining piezoelectric materials with visible light photocatalysts is one way to achieve this.
Piezoelectric materials can generate an internal electric field under strain
and, hence, induce separation of photogenerated electric charges. [291],
[319]–[322] This approach was utilized to fabricate primarily core-shell
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nanostructures, in which the core was composed of piezoelectric materials
such as ZnO, BaTiO3 and NaNbO3 , while the shell consisted of visible
light photocatalysts including CuS, FeS and AgO2 . Using this approach, it
was possible to achieve enhanced reaction efficiency by utilizing the dual
stimuli of light and mechanical vibrations. [139], [298], [323], [324] However, fabrication of such dual phase core-shell nanomaterials raises further
complications, such as complex synthesis and weak mechanical coupling
between the piezoelectric and photocatalytic counterparts under strain for
extended periods of time.
Low bandgap (i.e. visible light photocatalytic properties) and piezoelectric properties can co-exist in a single material. The use of BiFeO3 (BFO)
as a promising candidate for visible light photocatalysis has been demonstrated due to its low bandgap of 2.1 eV. [325]–[327] In addition, BFO also
possesses good piezo-/ferroelectric performance with a large spontaneous
polarization in excess of 100 µC cm−2 and piezoelectric coefficient (d33 ) of
about 100 pm V−1 . Jung2012, [305] We assume these properties render BFO
an excellent candidate for efficiently utilizing both light and vibrational
energy for catalytic degradation of organic pollutants, without the need for
coupling it to other materials or using an external bias. [328]
In this work, we fabricated pure, single-crystalline BFO nanosheets (NSs)
and nanowires (NWs), which are both visible light photoactive and piezoelectric. These BFO nanostructures were able to harness photonic as well as
mechanical energy for the degradation of model organic pollutants such
as rhodamine B (RhB). By coupling their photocatalytic and piezoelectric
properties, degradation of RhB dye was greatly enhanced. Reactive species
trapping experiments revealed the underlying mechanism of their catalytic
performance. Development of these nanostructures contributes to the use
of green technologies, such as harnessing natural sunlight and scavenging waste energies, like noise and vibrations for efficient environmental
applications.
4.5.2

Experimental Methods

Fabrication of BFO nanostructures BiFeO3 nanosheets (NS) and nanowires
(NW) were fabricated by a tunable hydrothermal synthesis approach. For
the fabrication of BFO NS, Bi(NO3 )3 ·5H2 O and FeCl3 ·6H2 O were dissolved
in a stoichiometric 1:1 molar ratio in acetone using continuous mechanical
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stirring and ultrasound. Next, DI water was added followed by concentrated ammonia under vigorous stirring to adjust the pH to 11. The resulting
sediment was centrifuged, washed several times with DI water to reach a
neutral pH value, and dissolved in 40 mL of DI water. NaOH (5 M) was
added to the above solution and stirred for 1 h at room temperature. Finally,
the above solution was transferred to a 50 mL sealed, Teflon-lined steel
autoclave and heated at 140 o C for 72 h. The black powder obtained was
washed with DI water and ethanol and dried at 60 o C for characterization.
For the fabrication of BFO NW, the same fabrication procedure was followed until the addition of 5 M NaOH. After this step, 5 mL of polyethylene
glycol (Mn 400) was added to the 40 mL solution at 60 o C and stirred for
30 min. Finally, this solution was transferred to a 50 mL capacity sealed,
Teflon-lined steel autoclaved and heated at 180 o C for 72 h. BFO NWs with
different lengths were prepared by varying reaction times.
Material characterization The morphology of the resulting BFO nanostructures was investigated by scanning electron microscopy (SEM, Zeiss
ULTRA 55, Zeiss, Oberkochen, Germany), transmission electron microscopy
(TEM, FEI F30, FEI Co., Hillsboro, OR), and scanning transmission electron
microscopy (STEM, FEI F30). The crystallographic structure of the nanostructures was analyzed by X-ray diffraction on a Bruker AXS D8 Advance
X-ray diffractometer, equipped with a Cu target with a wavelength of 1.542.
Cell parameters, crystallite sizes and microstrains were evaluated by Rietveld refinement using the Materials Analysis Using Diffraction (MAUD)
software. The local crystallographic structure was studied by selected area
electron diffraction (SAED). Piezoresponse force microscopy (PFM) investigations were performed on a commercial atomic force microscope (NT-MDT
Ntegra Prima). Pt-coated Si probes, i.e. HA-FM01/Pt, were used, and the
imaging contact force set-points were carefully controlled. To perform PFM
measurements on the long BFO NW, the nanowires were fixed by depositing carbon bands on their two ends using focused ion beam (FIB). For
domain imaging, AC signals (amplitude V AC = −1 V) were used to excite
the surface oscillations. To acquire local piezoresponse loops, ac signals
(V AC = 0.5 V) were superimposed on triangular staircase wave with DC
switching from −10 V to 10 V. UV-Vis diffuse reflectance spectra (DRS) was
acquired by a Cary 4000 UV-vis spectrophotometer. BaSO4 was used as the
reflectance standard.
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Catalytic performance measurement Catalytic experiments were performed to study the degradation of RhB dye in the presence of our BFO
structures. An RhB concentration of 4 µg L−1 was chosen to perform degradation experiments and 30 mg of BFO NSs and NWs were dispersed in
30 mL of RhB solution under continuous agitation and the adsorptiondesorption equilibrium was allowed to reach before starting the experiment.
The reaction temperature was maintained at 25 o C to negate the effect of
temperature. For the photocatalytic experiments, the samples were irradiated with UV-visible light (300 nm < λ < 600 nm) using a 300 W Xenon
lamp (Asahi Spectra, MAX-303). For the piezo-catalytic measurements, samples were subjected to stress using an ultrasonic source (nominal power
and frequency of 80 W and 132 kHz) and kept in a dark environment (to
avoid photocatalytic degradation). For the piezo-photocatalytic degradation
experiments, the above mentioned light source was used in combination
with the ultrasonic source. A UV-Vis spectrophotometer (Tecan Infinite 200
Pro) was used to obtain the fluorescent spectra of RhB over time by taking
aliquots of irradiated RhB solution.
Trapping experiments To investigate the degradation pathways behind photocatalytic and piezocatalytic mechanism, we performed trapping experiments using different scavengers. AgNO3 (2 mM), ethylene
diamine tetraacetic acid (EDTA, 2 mM), tert-butyl alcohol (TBA, 2 mM) and
benzoquinone (BQ, 0.5 mM) solutions were prepared in a 4 µg L−1 RhB
solution. Next, experiments for photocatalysis, piezocatalysis and piezophotocatalysis were performed in a similar manner as discussed above. For
the experiment to probe the formation of OH• radicals, 0.5 mM terephthalic
acid solution was prepared in 30 mL DI water with 30 mg of BFO NWs and
subjected to piezo-photocatalysis, after which the solution’s intensity was
monitored at 425 nm every 30 mins.
4.5.3

Results and Discussion

BFO NSs and NWs were fabricated by a hydrothermal synthesis approach
by carefully tuning growth conditions including surface chemistry, temperature, and duration of the reaction. Fabrication scheme of BFO NSs and
NWs is presented in Figure 4.8. First, concentrated ammonia was added
to a solution of bismuth and iron salts to achieve co-precipitation of Bi3+
and Fe3+ ions. [329], [330] Then a mineralizer (5 M NaOH) was added
to the above solution. The mixture was then sealed in an autoclave and
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Figure 4.8: Scheme showing the various steps employed to fabricate BFO NSs
and NWs using hydrothermal synthesis.

placed in an oven at elevated temperature for hydrothermal treatment. Hydrothermal synthesis uses the dissolution-crystallization mechanism. Under
hydrothermal conditions, the precipitates reacted with NaOH to dissolve
and form complex ions. This was followed by the formation of BFO crystals
in the supersaturated region by nucleation, precipitation, dehydration, and
growth of these complex ions over time. [173] For BFO NSs, the reaction
temperature was 140 o C and the reaction time was 72 hours. BFO NWs
were fabricated by a surfactant-assisted hydrothermal route at 180 o C for 72
h. In this approach, polyethylene glycol’s (PEG) soft-templating effect was
employed to direct the growth of BFO crystals to form BFO NWs. [331], [332]
BFO NS fabricated in this study are rhombic with an edge length of 2-3
µm and a thickness of about 150 nm (Figure 4.9 (a)). The BFO NWs are
about 30 µm long with an average diameter between 200-700 nm (Figure
4.9 (b)).
The crystalline structure of the BFO NSs and NWs were analyzed using XRD andTEM. XRD investigation performed on BFO nanostructures
(Figure 4.10) showed that for both NS and NW structures all peaks can
be assigned to the pure phase of BiFeO3 (JCPDS No. 82-1254), indicating
a rhombohedral perovskite structure with the space group R3c. Further
evaluation of the BFO NS sample shows that they have an average coherent
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Figure 4.9: (a) SEM image showing overlapped BFO NSs and (b) SEM image
showing several BFO NWs. In the inset a single NW is shown..

diffraction length of 137 ± 10 nm and cell parameters a = b = 5.585 67 ±
0.000 02 and c = 13.887 67 ± 0.000 05 Å. A similar analysis performed on
a BFO NW sample shows an average coherent diffraction length of 117 ±
10 nm and cell parameters a = b = 5.585 99 ± 0.000 03 and c = 13.886 35 ±
0.000 04 Å.
TEM analysis of the BFO NS sample shows the presence of well-defined
NS (Figure 4.11(a)), in agreement with SEM observations. A high resolution
TEM image of a single NS is presented in Figure 4.11(b), and features an
intact and orderly structure. The inset is the corresponding SAED pattern,
which confirms the single-crystalline structure. The spots in the SAED
pattern have been indexed according to the R3c structure, and the result is
compatible with a [024] growth direction of the NS. This is in agreement
with the observed texture in the XRD pattern (Figure 4.10) and in line
with other reports from the literature on BFO NSs. [333] The TEM image
obtained for BFO NW sample shows that the as-prepared nanopowder
consists of straight NWs with a tip-like ending, suggesting a [006] growth
direction (Figure 4.11(c)). Its corresponding HRTEM image corroborates
the presence of an intact, orderly, single-crystalline structure. The planes
with interplanar d-spacings of 0.28 nm and 0.19 nm, match the (104) and
(024) crystal faces, respectively (Figure 4.11(d)). The inset presents the corresponding SAED pattern, showing the single crystalline nature of BFO NW
and further confirming the growth along the [006] direction.
The light absorption properties of BFO NS and NW samples were investigated using UV-visible diffuse reflectance spectra DRS at room temperature.
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Figure 4.10: XRD patterns obtained for BFO NSs and NWs.

From Figure 4.12(a), we can observe that both BFO nanostructures exhibit
strong absorption in the UV and visible light region. Careful observation
reveals that in comparison to the BFO NWs, the BFO NSs display a higher
absorbance in the visible light region. The bandgaps of BFO NSs and NW
were calculated using the Kubelka-Munc function (αhν)2 vs photon energy
(hν) for the direct bandgap semiconductor (Figure 4.12(b)). The bandgaps
were estimated to be 2.075 eV for BFO NSs and 2.1 eV for BFO NWs, which
are consistent with the literature. [325], [326] These small bandgap values
for BFO NSs and NWs indicate that they can be used as photocatalysts
under visible light.
The piezoelectricity of a single BFO NW was directly probed using
piezoresponse force microscopy (PFM). A conductive cantilever tip was
used in contact mode to apply an alternating voltage to the sample and
induce piezoelectric surface oscillations. These oscillations were sensed
through the consequent cantilever deflection. Figure 4.13 presents (a) the
PFM phase and (c) amplitude images obtained for a BFO NW. From the
PFM phase image, a clear phase contrast between different regions of the
NW can be observed. These regions with different contrast represent the
domains with opposite out-of-plane polarization orientations.
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Figure 4.11: (a) TEM image showing a single BFO NS and (b) presents the
corresponding HRTEM image. Its electron diffraction pattern is
shown in the inset. (c) TEM image showing two BFO NWs and (d)
HRTEM image obtained from the marked area in Figure 4.11 (c),
showing the growth direction of the NW along the [006] direction.
The inset shows its electron diffraction pattern.

The amplitude image (Figure 4.13 (c)) also shows the presence of distinct and randomly distributed ferroelectric domains. In order to further
investigate the ferroelectric nature of our BFO samples, local piezoresponse
hysteresis loops were obtained by sweeping the applied DC bias, while simultaneously measuring the phase and amplitude response. The excitation
voltage waveform was a stepwise increasing pulsed DC voltage, superimposed on a small AC voltage. In order to minimize the possible interference
caused by electrostatic forces, the AC response signal was acquired only
during the off-phase of the voltage pulse sequence. From the phase loop
presented in Figure 4.13 (b) it can be clearly observed that the polarization
can be switched to the opposite direction by sweeping the tip bias. The
average phase contrast is close to 180o , confirming that the measured signal
originates from the electromechanical response rather than electrostatic
forces. [60], [334] The amplitude of the response signal in PFM is directly
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Figure 4.12: (a) UV-Vis DRS spectra obtained for BFO NS and NW samples and
(b) the corresponding Kubelka-Munc plot.

related to the local strain of the BFO nanostructures. This amplitude versus
bias voltage curve is also hysteretic, and its shape resembles a butterfly loop,
which is a well-established characteristic of ferroelectric materials. [335] The
piezoresponse phase and amplitude loops for BFO NWs are horizontally
shifted. This asymmetry in the loops can be attributed to many factors,
including the imprint effect, internal bias fields inside the materials, and/or
due to a work function difference between the top Pt-coated Si probe and
the bottom gold electrode. [230] The well-defined piezoresponse hysteresis
loops confirm the ferroelectric nature of our BFO NW samples.
The ability of BFO nanostructures to degrade RhB using light and mechanical vibrations was investigated. Both BFO samples gradually degrade
RhB dye under UV-visible light over 3 h (66% for NS and 60% for NW
samples). In contrast, the control sample without BFO displayed a negligible
response (Figure 4.14(a)). The photocatalytic degradation rate obtained for
BFO NS is slightly higher, which can be explained by its lower bandgap
value of 2.075 eV in comparison to the NW sample (2.1 eV).
Figure 4.14(b) presents the piezocatalytic response of BFO samples
under ultrasonic wave vibrations. Both BFO samples exhibit a higher RhB
degradation rate in comparison to the photocatalytic degradation, where a
59% and 92% degradation was observed for BFO NS and NW samples in
1 h, respectively. When the stimuli of light and mechanical vibrations are
used simultaneously, the degradation efficiency of the organic dye solution
can be further increased to 71% for NSs and 97% for NWs (Figure 4.14(c)).
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Figure 4.13: PFM characterisation performed on a BFO NW showing (a, b) the
phase response and (c, d) the amplitude response.

A quantitative analysis of these degradation rates is given by comparing
their reaction rate constant k, which can be defined by the Equation 6.1:
ln

C
= −kt
C0

(4.1)

where k is the reaction rate constant, Co is the initial RhB concentration, and C is the RhB concentration at a given time t. This calculation is
based on the assumption that the kinetics of the RhB degradation reaction
catalyzed by the BFO nanostructures are pseudo-first-order reactions. [248],
[251] These results are summarized in Figure 4.14(d), where we can observe
that both BFO NS and NW samples display similar photocatalytic rate constants (k-values of 0.0058 min−1 and 0.0051 min−1 , respectively). However,
under ultrasonic stimulation two interesting phenomena can be observed.
First, the RhB degradation rates obtained for both BFO nanostructures are
much higher under the piezocatalytic effect than under the photocatalytic
105

Figure 4.14: Photocatalytic and piezocatalytic degradation of RhB dye using
BFO NS and NWs. Catalytic degradation curve of RhB (a) using
light, (b) using ultrasound and (c) using a combination of light and
ultrasound. (d) Comparison of degradation rate constants of RhB
obtained for BFO NS and NW under light, ultrasound and their
combination.

effect (2.5 times higher for BFO NS and 8.5 times for BFO NW). Such an
enhancement can be explained by the piezotronic effect, which modulates
the electrical transporting property at the BFO-electrolyte heterojunction
using BFO’s internal electric bias. This acts as a driving force for separating
the electrons and holes generated by piezocatalysis and, thus, enhances the
performance of photochemical reactivity of BFO. [299], [319] These surface
charges are locally confined, allowing for the chemical reactions to degrade
the dye molecules.
A second interesting result is that the k-value of BFO NWs (0.0431
min−1 ) is three times higher than that of the BFO NSs (0.0143 min−1 ). We
assume that under strain the high aspect ratio BFO NWs experience a
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Figure 4.15: COMSOL multiphysics simulations obtained for BFO NS showing
different deformations under (a) compressive, (b) tensile and (c)
shear stress with the correspondingly induced piezoelectric potential
(d-f).

greater strain and, hence, a higher strain-induced voltage in comparison to
the NS sample. This assumption was verified by using the COMSOL multiphysics software to simulate the induced strain and piezoelectric potential
on the surface of a strained BFO NS (Figure 4.15) and NW (Figure 4.16).
Based on these simulations, we observed that under similar conditions
a higher strain as well as a higher potential was generated on the surface
of a NW in comparison to a NS. This assumption was further confirmed
by comparing the piezoelectric catalysis performance of BFO NWs with
different lengths. With an increasing BFO NW length the corresponding
k-values also increased (Figure 4.17). A similar trend was observed in the
case of piezoelectric zinc oxide nanowires, where longer nanowires provided higher mechanical to chemical energy conversion efficiency for water
splitting using ultrasound.
From Figure 4.14(d), we further observe that when the BFO samples
were excited by light and ultrasound simultaneously, the observed k-values
(kdual ) were higher in contrast to when light (klight ) or ultrasound (kus )
were solely used, and even higher than the linear addition of the two,
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Figure 4.16: COMSOL multiphysics simulations obtained for BFO NW showing
different deformations under (a) compressive, (b) tensile and (c)
shear stress with the correspondingly induced piezoelectric potential
(d-f).

especially for the BFO NWs. This increase in reaction rate offered by piezophotocatalysis can be explained by an increase in the electron-hole pair
formation activity because of a higher energy input available under the
dual stimuli. The ability to degrade organic dyes (in the case of BFO NWs)
can be greatly enhanced by a factor of 11.4 when a combination of light and
mechanical energy is used simultaneously, with a k-value of 0.0582 min−1 .
It is worth noting that under dual stimulation, the k-value (kdual ) is slightly
higher than the linear addition of the respective k-value under only light or
ultrasound stimulation (klight + kus ), which indicates that the piezoelectric
driven internal field also helps the photogenerated carriers move to the
surface of the BFO nanostructures.
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Figure 4.17: RhB degradation rate constant values obtained under piezo-catalysis
for BFO NW with increasing lengths.

Catalytic efficiency of BFO NWs to successfully harness the dual stimuli
and degrade other organic dyes i.e. methylene blue (MB), methyl orange
(MO), and brilliant green (BG), at elevated dye concentrations of 10 mg
L−1 was also investigated. Figure 4.18(a) presents a collage of images taken
every 30 minutes to represent how the BFO NWs were able to degrade all
four dyes within 2 h. These results highlight the ability of BFO nanostructures to successfully scavenge energy from light and waste energy, such as
noise or stray vibration, for water remediation. To develop photocatalysts
for practical water purification applications, it is essential that they not
only demonstrate a good efficiency and versatility, but also high stability
so that they can be recycled and reused. The reusability of BFO NS and
NW samples was examined and is presented in Figure 4.18(b). For both
BFO samples we observe a slightly decreasing catalytic performance during
the first 3 consecutive runs. It seems that the following two cycles did not
further adverse the performance.
To elucidate the possible RhB degradation pathway offered by BFO
samples, we first investigate the interaction of the BFO surface with water.
For this, we performed density functional theory (DFT) calculations on
a relaxed and strained BFO surface. For BFO, two surface terminations
are possible, i.e. a BiO termination and a FeO2 termination. Similarly, two
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Figure 4.18: Photo- and piezocatalytic degradation using BFO nanostructures. (a)
Visual color change of four different organic dyes that were degraded
in 2 h under dual stimuli using BFO NWs. (b) Five consecutive
degradation curves obtained for BFO NSs and NWs under dual
stimuli showing a good reusability trend.

polarization directions are possible, i.e. up and down. A drive for the dissociation of water was defined as a more negative adsorption energy of
a co-adsorbed OH and H rather than for an intact H2 O molecule. From
this study, we realised that a water molecule can spontaneously dissociate
into H+ and OH− ions, followed by the highly favored adsorption of OH−
on the BFO surface. A propensity for dissociation was observed for the
up-polarized BFO-terminated surface, where the adsorption energy for the
intact molecule is Eads =-2.98 eV and for the dissociated one Eads =-3.03 eV.
This holds true for a range of strains of the substrate, between -5% and +5%.
In the case of the down-polarized BFO surface, a drive for dissociation was
not observed, the adsorption energy of the intact molecule being Eads =-3.01
eV and for the dissociated molecule Eads =-2.36 eV. In all cases, the most
stable adsorption configuration was found to be for the intact (dissociated)
structure, with theH2 O (OH) sitting in the bridge position between two Bi
atoms with an H atom pointing towards (adsorbed to) the neighboring O
atom (Figure 4.20).
Next, under the influence of an external stimulation (such as, UV-visible
light), formation of electron-hole pairs inside BFO takes place (Figure 4.19).
Electrons are excited from the valence band (VB) of BFO to the conduction
band (CB), leaving behind holes in the VB, and thus, creating electron-hole
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Figure 4.19: Catalytic degradation scheme of BFO NWs under light and ultrasound.

pairs. These electron-hole pairs tend to recombine, leading to a decrease
in the number of available charge carriers that can successfully migrate to
the surface of BFO and initiate the redox reactions. When US is used to
strain BFO, its internal piezoelectric field facilitates separation of electric
charge carriers and their migration towards the surface, thus, increasing
the probability of initiating the redox reactions. The various steps involved
in the degradation of RhB dye by reactive species such as e− , h+ , OH• and
O2 •− are the following:
BiFeO3 + hν or US

→

BiFeO3 (e− + h+ )

(4.2)

e− + O2

→

O2 •−

(4.3)

h+ + H2 O
h+ + RhB

→

→

•OH

(4.4)

Degradation products

(4.5)

• OH + RhB

→

Degradation products

(4.6)

O2 •− + RhB

→

Degradation products

(4.7)

In order to further determine how these reactive species were involved
in the photocatalytic, piezocatalytic, and piezo-photocatalytic reactions,
trapping experiments were performed. For this, degradation of RhB dye
was carried out in the presence of BFO NWs and different scavengers
of the reactive species (Table 1). It can be seen from Figure 4.21(a) that
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Figure 4.20: Adsorption structure of intact and dissociated water on the BiOterminated (100) BFO surface. (a) Top and (c) side-view of a single
H2 O molecule adsorbed in the Bi-Bi bridge position. (b) Top and (d)
side-view of a dissociated OH + H (O is in red, H in white and Bi in
pink). Only the top layer atoms of BFO are shown, the other layers
are only shown with the grey oxygen octahedral.

the photocatalytic degradation efficiency was increased with the addition
of AgNO3 (an electron scavenger) and ethylene diamine tetraacetic acid
(EDTA, a hole scavenger), [274], [336] which is probably caused by promoted separation of electron-hole pairs (and thus increased life time of
electrons/holes) due to their consumption, or caused by deposition of silver
nanoparticles. [337] When benzoquinone (BQ) (a superoxide radical O2 •−
scavenger) and tert-butyl alcohol (TBA) (a hydroxyl radical OH• scavenger)
were added, the photodegradation of RhB decreased. These results reveal
that the predominant reactive species for photocatalytic degradation of RhB
by BFO NW were the radicals.
Trapping experiments were also performed to determine the main reactive species behind the piezocatalytic mechanism (Figure 4.21(b)). The
addition of AgNO3 (electron scavenger) led to a slightly improved reaction
rate, which is probably caused by reasons similar to the ones observed
for the photocatalytic experiments (i.e. extended lifetime of holes or silver
nanoparticle enhanced catalytic activity). However, when EDTA (hole scav112

enger) was added, a strong suppression of RhB degradation was observed,
which indicates that holes play an important role in piezocatalytic degradation of RhB. Holes can either directly react with organic dyes to degrade
them (Equation 4.5), or react with water to produce highly reactive OH•
radicals (Equation 4.4). Hence, their quenching can have a severe impact on
RhB degradation.

Figure 4.21: The catalytic degradation mechanism of RhB by BFO. Trapping experiments performed to study catalytic degradation curves obtained
for RhB under (a) light and (b) ultrasound. (c) Comparison of degradation rate constants obtained for different scavengers under light,
ultrasound, and their combination. (d) Reaction of terephthalic acid
with OH• radicals to produce increasing amounts of fluorescent
2-hydroxyterephthalic acid with peak intensity at 425 nm.

The severe suppression of RhB degradation rate by adding EDTA in the
piezocatalytic experiment sharply contrasts with the increase in degradation
activity when EDTA was introduced in the photocatalytic experiments. This
result can be explained by the different concentration of charge carriers in
these two experiments. In the piezocatalytic experiment, the charge carrier’s
concentration was much higher than that in the photocatalytic experiment,
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as evidenced by the higher degradation rate. When the holes were trapped,
a severe suppression in RhB degradation rate overshadowed any potential
degradation rate increase which could have been induced by the prolonged
lifetime of electrons. Therefore, in the piezocatalytic experiments the degradation rate decreased compared with the pure BFO NW sample where no
scavengers were introduced. However, it should be noted that since the
relative concentration (C/Co ) of RhB after 1 h in both experiments was
approximately the same (i.e. about 60% RhB dye was still remaining), the
degradation speeds for both, photocatalytic and piezocatalytic experiments
were the same. This result indicates that the degradation rate for both
reactions was determined by the concentration of EDTA used for trapping
the holes, which further corroborates our explanation.
The trapping of OH• radicals (that are produced by holes) shows similar
trends in both catalytic experiments. The dominating role of holes can be
further confirmed by the fact that O2 •− radicals, which are produced by
electrons, exhibit a minimal impact on the piezocatalytic RhB degradation.
The k-values obtained from the trapping experiments under stimulation
of light, US, and the dual stimuli are presented in Figure 4.21(c). For all
degradation mechanisms, scavenging either holes or OH• radicals lead to
a decrease in the reaction speed, while the electrons were the least active
species for the degradation of RhB dye.
In addition to the trapping experiments, we confirmed the formation
of hydroxyl radicals in our degradation experiments by using terephthalic
acid as a photoluminescent OH• trapping agent. Terephthalic acid readily reacts with OH• radicals to produce a highly fluorescent product, 2hydroxyterephthalic acid, which emits a unique fluorescent signal at 425
nm. [274] From the results of this experiment (Figure 4.21(d)) we can observe an increase in fluorescence intensity at 425 nm with increasing piezophotocatalytic reaction time, which offers further proof of OH• formation
during the catalytic reaction.
4.5.4

Summary

In this work, we have successfully fabricated single-crystalline BiFeO3 NSs
and NWs that exhibit promising photocatalytic as well as piezocatalytic
properties for water remediation. Both BFO nanostructures displayed a
slow photocatalytic activity under UV-visible light, with the NS degrading
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RhB dye to 66% within 3 h. Under piezocatalytic degradation of RhB, both
BFO NSs and NWs were more efficient in degrading RhB with an elevated
efficiency of 59% and 91% within 1 h, respectively. A comparison between
the photocatalytic and piezocatalytic RhB degradation rates revealed that
under ultrasonic vibrations, BFO NWs displayed an increase in degradation
efficiency up to a factor of 8.5.
When piezo-photocatalytic degradation was performed, the degradation
efficiency of both BFO NS and NW samples was even higher, with k-values
equal to 0.0209 and 0.0582 min−1 , respectively. This increase in efficiency
under piezoelectric stimulation may be caused by the internal piezoelectric
field induced bias and its influence on suppressing the electron-hole recombination.
Trapping experiments were performed to understand the degradation
mechanism behind the photo- and piezocatalytic stimuli using scavengers
for the reactive species. Holes and OH• radicals were demonstrated to
be the main reactive species. These results allow for the design of better
catalysts that can readily and efficiently harness multiple sources of free
energy such as light and vibration from their surroundings and use them
for environmental applications.
4.5.5

Concluding Remarks

Designing new catalysts that can efficiently utilize multiple energy sources
can contribute to solving the current challenges of environmental remediation and increasing energy demands. In this work, we fabricated single
crystalline,BiFeO3 nanosheets and nanowires that successfully harnessed
energy from two sources i.e. visible light and mechanical vibrations and,
utilized them for degradation of organic pollutants. When both solar light
and mechanical vibrations were used simultaneously, the reaction rates
were elevated even further, with the BFO nanowires degrading 97% of RhB
dye within 1 h. The enhanced degradation under mechanical vibrations can
be attributed to the promotion of charge separation caused by the internal
piezoelectric field of BFO. BFO nanowires also exhibited good reusability
and versatility towards degrading four different organic pollutants.
From this study we have successfully demonstrated the possibility of
enhancing organic pollutant degradation reactions by utilising two, abun115

dantly available clean energy sources, in a combinatorial approach. Encouraged by these results, we further investigated the possibility of employing
AC magnetic fields for initiating catalytic degradation reactions.

Figure 4.22: Comparison of degradation rate constants of RhB obtained for BFO
NS and NW under light, ultrasounds, their combination, and AC
magnetic fields.

BiFeO3 is a highly attractive catalytic material due to its photoactive and
piezoelectric properties. Additionally, BFO is also a promising multiferroic
material that allows for generation of surface charges under AC magnetic
fields, due to the magnetoelectric effect. We explored BFO’s multiferroic
nature, by studying magnetoelectrically-induced catalytic degradation of
RhB dye under a magnetic field strength of 15 mT and an AC frequency
of 1.1 kHz, using BFO NSs and NWs. The results of this experiment are
provided in Figure 4.22 from where we can clearly observe that under
magnetic fields, we observe a very small reaction rate constant, specially
when compared to the use of ultrasound. This result can be explained
by the poor magnetoelectric coupling in BFO, which can be amplified by
combining BFO with a suitable magnetostrictive material in the future.
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5
M A G N E T C F I E L D - I N D U C E D C ATA LY S I S

Magnetic fields have been widely employed to control, actuate, and recover
magnetic entities in diverse fields such as, drug delivery, biotechnology,
micro- and nanofabrication, microfluidics, spintronics, and chemical processes. Magnetic fields are commonly used for influencing chemical reaction
rates by controlling the motion of magnetic particles, and enhancing mass
transport of chemical species. Recently, magnetic particles have gained
considerable amoint of interest as catalyst supports due to their effective
magnetic response to applied magnetic fields. [338]–[340] As a result, magnetic fields have played a vital role in improving practical applications of
catalysts in liquid phase reactions, which is severely hindered by difficulties
in catalyst separation and recycling. [341], [342]
Magnetic field effects on the kinetics of chemical reactions have been
extensively studied since the late 1960s. [347], [348] Recently, alternating
magnetic fields were employed for accelerating electrocatalytic reactions by
inducing very intense localized heating of catalytic nanoparticles. Niether et
al., demonstrated that by using nickel-coated iron carbide nanoparticles, that
are prone to experiencing intense magnetic heating under high frequency
magnetic fields, they were able to induce water splitting at much lower
overpotentials [343], [349] (Figure 5.1(a)). Additionally, it was demonstrated
that magnetic fields can also be used for controlling the catalytic output
of reactions. [350]–[352] By combining magnetic cobalt with non-magnetic
platinum it was feasible to observe changes in absorption geometry and oxidation rate of carbon monoxide (CO) molecules. This result was attributed
to electronic changes in platinum induced by a localized magnetic field,
that resulted in CO molecules moving into a bridged position, which is
a non-reactive state (Figure 5.1(b)). [344] Magnetic fields have also been
shown to demonstrate significant influence on the Suzuki cross-coupling
reactions when magnetic nanoparticles were used as catalysts. It was observed that under a magnetic field strength of 0.5 T the yield output of
the reaction increased by 50%. [353] Meffre et al., have demonstrated the
possibility of performing Fischer-Tropsch synthesis using iron nanoparticles that displayed large heating capacity when placed under alternating
magnetic fields. [354] Moreover, Liu et al., reported that when paramagnetic
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Figure 5.1: Influence of magnetic fields on catalytic reactions. (a) Alternating
magnetic field induced heating for facilitation of electrolysis. [343] (b)
Changes in oxidation of carbon monoxide under magnetic fields [344]
and (c) enhanced moment transfer for hydrogen production. [345] (d)
Magnetic field induced bio-catalysis for drug delivery. [346]

cobalt based nanoparticles were placed under an external magnetic field,
they were able to simultaneously achieve momentum–transfer, and induce
hydrolysis of sodium borohydride for high purity hydrogen production
(Figure 5.1(c)). [345]
Alternating magnetic fields have also been used extensively to trigger
drug release from thermoresponsive materials that are embedded with magnetic particles. [355] Local temperature increase due to transformation of
electromagnetic energy into heat is used to trigger changes in the thermoresponsive materials, thus, obviating the need to elevate temperature of the
entire system. Recently, a magnetic field-controlled biocatalysis approach
was demonstrated where, enzyme functionalized magnetic nanoparticles
were forced to interact with each other, resulting in a well-controlled drug
release (Figure 5.1(d)). [346] In these examples, magnetic fields have predominantly supported the catalytic chemical reactions by enhancing the
reaction efficiency, and, by enabling momentum transfer. Use of alternating magnetic field induced heating, on the other hand, has displayed the
possibility of magnetic fields taking part in certain chemical reactions by
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transferring magnetic energy into heat.
In Chapters 3 and 4, we have discussed how light and mechanical
deformations can be utilized for degradation of organic pollutants. In
this chapter, use of alternating magnetic fields as a localized trigger for
initiating, as well as, fine tuning catalytic redox reactions by using the direct
magnetoelectric (ME) effect will be discussed.
5.1

magnetoelectric effect

Magnetoelectric (ME) effect was discovered more than a century ago and
has since provoked much research intrigue, driven by the profound physics
of these materials, and their applications in novel multifunctional devices
such as sensors, transducers, and spintronics. [275], [356] Since 1950’s several pioneering works have been conducted to explore this effect. Driven
by the latest trend towards device miniaturization, research in this field is
currently witnessing a new resurgence as it allows the possibility of developing novel multifunctional materials that combine electronic and magnetic
properties into a single component. Magnetoelectric materials are not only
alluring because they imbibe the properties of their parent compounds, but
they additionally provide us with unique possibilities due to interactions
between magnetic and electric orders at the micro- and nanoscale. [357],
[358]
Magnetoelctric materials can be essentially divided into two types, i.e.
single phase multiferroic materials and composite materials. A single-phase
multiferroic material possesses at least two or more of the ferroic properties,
such as ferroelectricity, ferromagnetism or ferroelasticity. ME composites
are composed of multiphase materials with a coupling between magnetostrictive and piezoelectric/ferroelectric counterparts (Figure 5.2(a)). [358]
Magnetostrictive (MS) materials experience deformation in shape under
influence of magnetic fields and conversely they are magnetized when a
certain strain is exerted on them. The magnitude of magnetostriction in
a material is characterized by the magnetostrictive coefficient, λ, which
is the ratio of ∆l and lo , where ∆l is the change in length and lo is the
initial length of the material. For most metals, this magnetostriction value is
extremely low at room temperature, with λ values in the range of 1-60 ppm.
In comparison, magnetostrictive materials such as, Terfenol-D (λ =2000
ppm), galfenol (FeGa) (λ= 250-400 ppm), iron cobalt (CoFe) (λ=260 ppm),
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cobalt ferrite (CFO, CoFe2 O4 ) (λ=523 ppm), nickel ferrite (NFO, NiFe2 O4 ),
magnetite (Fe3 O4 ), and nickel-manganese-gallium Ni2 MnGa, exhibit giant
magnetostriction values with λ in 100’s and 1000’s of ppm). [60], [359], [360]
When piezoelectric (PZ) materials are strained, they generate a piezopotential on their surface. Hence, the magnetoelectric effect is a result of
the product of the magnetostrictive effect (magnetic to mechanical) in the
magnetic phase and the piezoelectric effect (mechanical to electrical effect)
in the piezoelectric phase. The composite direct ME effect can therefore be
described as Equation 5.1:

Direct

ME

e f f ect

=

Magnetic
Mechanical

×

Mechanical
Electrical

(5.1)

Many bulk ME composites have been developed to exhibit such a strain
mediated ME effect above room temperature. Fabricating ME micro- and
nanocomposites on the other hand, presents clear advantages over their
bulk counterparts, for example, ferroelectric/piezoelectric and magnetostrictive phase can be tuned and controlled at the nanoscale, allowing for a new
scale to explore ME coupling mechanisms. Additionally, in ME micro- and
nanodevices, the magnetostrictive and piezoelectric phases are combined
at the atomic level, and thus interface losses are significantly reduced. In
this direction, many novel ME micro- and nanodevices have been developed and extensively studied, including nanocomposite films composed of
magnetostrictive cobalt ferrite NPs dispersed in piezoelectric PZT, multilayered composite films composed of PZT/NFO, Fe3 O4 /BTO, BFO/CFO,
PZT/CFO, PVDF/Terfenol-D, and core-shell nanoparticles and nanowires
composed of FeGa@PVDF, CFO@BTO, CFO@BTO, CFO@PZT. [62], [356],
[360]–[363] Figure 2 presents come examples of these ME composites where
Figure 5.2 (b) presents PFM anaylsis performed on a ME composite composed of CFO nanowires inside a BFO matrix. [364] Figures 5.2 (c) and (d),
present similar analysis performed on a core-shell CFO@PZT nanowire and
a FeGa@PVDF nanowire, respectively. [60], [365] From the PFM analysis
presented in this figure we can clearly observe changes in the phase as well
as in the amplitude of the piezoresponse obtained with and without an
external magnetic field, which is an indirect proof of ME coupling in these
composites.
ME micro- and nanostructures have predominantly been used in biomedical applications, where they have demonstrated promising results in targeted drug delivery and tissue engineering applications. The property of
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Figure 5.2: Magnetoelectric coupling in composite materials. (a) Schematic illustration of strain-mediated direct ME effect in a composite system. [358] (b) The switching characteristics of ME nanocomposite film
showing changes in amplitude and hysteresis loop with and without
magnetic field. [364] (c) CFO@PZT NW and the corresponding amplitude maps obtained without , with magnetic field. [365] (d) Phase
loops obtained without, with magnetic fields for FeGa@PVDF NWs,
scale bar: 100 nm. [60]

these untethered ME micro- and nanodevices to generate a localized piezoelectric surface potential when placed under wireless magnetic fields has
been successfully exploited for on-demand drug release and targeted cancer
therapy (Figure 5.3 (a, b)). [60], [366] In these works, generation of surface
potential on ME devices resulted in repulsion of functionalized drugs from
their surface, which led to release of drugs at targeted tumor sites. ME effect
was also utilized for protein absorption on ME substrates, that resulted in
enhanced cell adhesion and proliferation (Figure5.3 (c)) [367]. Additionally,
many promising studies have revealed that the localized electric fields generated under the ME effect have a strong influence on cellular fate, including,
enhanced cell migration, proliferation and differentiation. [60], [368], [369]
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Figure 5.3: Magnetoelectric effect for biomedical applications. On-demand drug
release under wireless magnetic fields from ME (a) CFO@BTO NPs
and (b) FeGa@PVDF nanowires. [60], [366] (c) ME effect induced
protein absorption. [367] (d) ME effect induced nobel metal reduction. [230]

In a previous work conducted in our group, Chen at al., demonstrated the
possibility of reducing precious metals from their salt solutions onto the
surface of ME CFO-BTO bilayer microspheres, under alternating magnetic
fields 5.3 (d). [230] This result is based on a similar phenomenon as piezocatalysis, whereby, a strain-mediated potential difference develops across
the piezoelectric material/electrolyte interface. This potential gradient then
becomes the driving force for electron transfer across the solid/solution
interface, inducing electrochemical reactions such as reduction of metals
ions near the surface.
5.2

magnetoelectric effect-induced catalysis

The above discussion has highlighted the importance of magnetic fields in
accelerating various catalytic processes by enhancing diffusion and mass
transport of chemical species during chemical reactions. Alternating magnetic field induced heating has shown promising results towards accelerating water splitting, polymerization of polymers, and various oxidation and
hydrogenation processes. Recently, use of magnetic fields to wirelessly create localized electric fields at the micro- and nanoscale has shown promising
122

results for various biomedical applications.
We have taken inspiration from the current state-of-art on the use of
magnetic fields, and have envisioned to develop a novel approach for
inducing various electrochemical reactions using ME nanodevices under
alternating magnetic fields. So far, AOP based processes for environmental
remediation have predominantly been carried out by using light, or mechanical deformations. Both of these methods present significant drawbacks for
their practical use in treating contaminated water. For instance, in real life
applications contaminated water is usually present in a murky and colored
state, which severely limits the amount of light absorbed by photocatalysts,
resulting in low cleaning efficiency. Similarly, it is not always feasible to generate mechanical deformations to initiate water cleaning, especially in hard
to reach trenches. Additionally, wastewater is usually contaminated with
particulate matter which can absorb significant portions of the available
mechanical vibrations, hence, lowering the efficiency of piezocatalytically
induced water purification.
So far, use of low frequency magnetic fields to trigger and tune catalytic redox reactions for degradation of organic pollutants has not been
demonstrated. In the following work, we have proposed to design and develop ME nanostructures that can display efficient strain-mediated catalysis
under wireless magnetic fields. Low magnetic field strengths and frequencies will be employed to initiate these catalytic reactions in order to make
this process energy efficient. In this approach, chemical reactions will be
triggered by the direct ME effect-induced strain-mediated catalysis and
hence, its mechanism is similar to the piezotronic effect, where mechanical
deformation-induced strain initiates the redox reactions.

5.3

magnetoelectric effect-induced catalysis for organic
pollutant degradation

Magnetic nanoparticles have been widely investigated for their wireless
control of chemical reactions. In this work, we have gone a step forward by
successfully demonstrating the possibility of initiating as well as fine tuning
catalytic reactions using magnetic fields. Core@shell cobalt ferrite@bismuth
ferrite (CoFe2 O4 @-BiFeO3 ) nanoparticles were fabricated and used towards
magnetoelectric effect induced catalytic degradation of organic compounds.
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Magnetostrictive CoFe2 O4 nanoparticles were fabricated using hydrothermal synthesis, followed by using sol-gel synthesis to create the multiferroic
BiFeO3 shell. We performed theoretical modeling to study the magnetic
field induced polarization on the surface of magnetoelectric nanoparticles.
The results obtained from these simulations were consistent with the experimental findings of the piezo-force microscopy analysis, where we were
able to observe changes in the piezoresponse of the nanoparticles under
magnetic fields. Next, we investigated the magnetoelectric effect induced
catalytic degradation of organic pollutants under AC magnetic fields and
obtained 97% removal efficiency for synthetic dyes and over 85% removal
efficiency for routinely used pharmaceuticals. Additionally, we performed
trapping experiments to elucidate the mechanism behind the magnetic field
induced catalytic degradation of organic pollutants by using scavengers
for each of the reactive species. Our results indicate that hydroxyl and
superoxide radicals are the main reactive species in the magnetoelectrically
induced catalytic degradation of organic compounds.
5.3.1

Introduction

Magnetic nanostructures have been widely used as magnetically recoverable
catalysts or as carriers for catalytic materials. [340] While magnetic nanomaterials have found widespread applications in tuning catalytic processes,
a majority of the employed strategies focus on their motion to enhance the
reagents’ mass transport. [343], [370] A next level of control can be achieved
by forcing such magnetic nanoparticles to interact [346] or, alternatively, by
coupling them to catalysts to enhance the reaction performance. [344] In
previous investigations, magnetic fields only support the catalytic chemical
conversion but never act as the ultimate trigger. Direct control of causality is
fundamental in realistic scenarios, where the choice of the precise moment
of actuation is critical. In this direction, magnetically induced heating has
been demonstrated to initiate chemical catalysis on demand. [349], [354]
Here, we demonstrate a localized trigger for catalytic reactions via the
direct magnetoelectric (ME) effect on the surface of multiferroic nanoparticles. Our ME nanocatalysis is able to decompose organic contaminants,
such as dyes and various pharmaceuticals, without the involvement of
any sacrificial molecules or co-catalysts. Our experiments revealed a rich
interdependence between the applied magnetic field parameters and the
reaction speed, which significantly improves the performance of catalytic
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reactions for environmental remediation.
Organic pollutants such as pharmaceuticals, pesticides and industrial
chemicals are persistent compounds that are resistant to degradation
through conventional processes and bio-accumulate in ecosystems, causing
severe impacts on human health and the environment. [38], [371] Towards
this effect, millions of dollars have been invested annually to study new approaches capable of efficiently combating this global crisis. Surface charges
that can initiate redox reactions and form hydroxyl and superoxide radicals,
can serve as an attractive approach for non-selective degradation of such
organic pollutants. The occurrence of surface charges, thus, becomes the
trigger to ignite such reactions and shifts the spotlight to any mechanism
that can generate such surface charges on demand. The magnetoelectric
(ME) effect not only fulfills this requirement, but, also allows for wireless
operation while restricting the targeted regions to areas where the ME materials are deployed. While theoretically possible, experimentally realizing
this has been hindered by the dearth of ME materials and nanostructures
that actually can be fabricated. Many research efforts have responded to
this call by investigating the growth, characterization and operation of ME
nanoparticles (NPs) in-depth.
5.3.2

Experimental Methods

Fabrication of core-shell CFO@BFO nanostructures CoFe2 O4 (CFO)
nanostructures were fabricated by a hydrothermal synthesis approach.
For the fabrication of CFO nanostructures, 0.14 M hexadecyltrimethylammonium bromide (CTAB), 0.092 M FeCl3 ·6H2 O and 0.046 M CoCl2 were
dissolved in DI water under continuous mechanical stirring. Next, a 6 M
NaOH solution was added to the above solution under vigorous mechanical
stirring followed by ultrasound. Finally, the above solution was transferred
to a sealed, Teflon-lined steel autoclave and heated at 180 o C for 24 h. The
obtained black powder was washed with DI water and ethanol and dried
overnight at 80 o C. Next, a precursor of BiFeO3 (BFO) was prepared by dissolving 0.011 M Bi(NO3 )3 ·5H2 O and 0.01 M FeCl3 ·6H2 O in ethylene glycol.
CoFe2 O4 @BiFeO3 core-shell nanostructures were prepared by dispersing
0.1 g of dried CFO nanoparticles into 60 mL of the BFO precursor solution
and sonicated for 2 h. This solution was then dried at 80 o C overnight,
followed by annealing the dried powder at 600 o C for 2 h at a heating ramp
rate of 10 o C min−1 .
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Material characterization The morphology of the resulting CFO@BFO
nanostructures was investigated by scanning electron microscopy (SEM,
Zeiss ULTRA 55, Zeiss, Oberkochen, Germany), transmission electron microscopy (TEM, FEI F30, FEI Co., Hillsboro, OR), and scanning transmission
electron microscopy (STEM, FEI F30). Distribution of elements along the
nanoparticles were studied by energy-dispersive X-ray (EDX) mapping
using HAADF STEM (FEI Talos F200X). The crystallographic structure of
the nanostructures was analyzed by X-ray diffraction on a Bruker AXS D8
Advance X-ray diffractometer, equipped with a Cu target with a wavelength
of 1.542. The local crystallographic structure was studied by selected area
electron diffraction (SAED). Piezoresponse force microscopy (PFM) investigations were performed on a commercial atomic force microscope (NT-MDT
Ntegra Prima). Pt-coated Si probes, i.e. HA-FM01/Pt, were used, and the
imaging contact force set-points were carefully controlled. To acquire local piezoresponse loops, ac signals (V AC = 0.5 V) were superimposed on
triangular staircase wave with DC switching from −10 V to 10 V. To study
change in piezoelectric response of the sample under magnetic field, an
in-plane magnetic field of 1000 Oe was applied to the sample.
Multiphysics simulation of ME CFO@BFO nanostructures The simulations were implemented in the commercially available software COMSOL Multiphysics based on similar examples from literature. [368], [372]
The physics of our COMSOL model used to describe the ME effect was
divided into magnetic fields, solid mechanics and electrostatics. Influences
from the surrounding medium on the induced electrical surface potential
are neglected and the relative permittivity and permeability is assumed to
be 1. For these simulations nanooctahedral CFO nanostructures, refered to
as CFO NOs, with a diameter of 30 nm and a BFO shell with a thickness of
5 nm were selected as input parameters. An epitaxially grown BFO shell on
the CFO core´s [111] plane was considered and implemented accordingly in
the model. [373] The magnetic field strength was fixed at 15 mT and applied
on the boundaries of the medium along the global z-axis. Since the NOs are
free to move in the surrounding medium, it was assumed that under magnetic field they align with the excitation field and hence, magnetostriction
along the easy axis was considered. COMSOL was used to compute the
magnetization gradients within the material by using the applied magnetic
field and its corresponding magnetization values from the measured VSM
hysteresis curve for CFO NOs. The internal strain generated in a CFO NO
under magnetic fields was governed by the following equation:
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Mz
(5.2)
Msat
where,λz is the strain along the z-axis, λs the magnetostriction parameter (λs CFO= -273 ppm, (λs BFO=-0.002 ppm), Mz the magnetization along
the z-axis and Msat the saturation magnetization of the CFO core. [374],
[375]The strain transfer from CFO core to the BFO shell was assumed to be
ideal. [368] This strain in the BFO shell is converted into electric polarization
on the surface of BFO. BFOs’ piezo-electric coupling and compliance matrix with R3c symmetry were derived from literature. [356], [372], [376], [377]
λz

=

1.5 λs

The remaining elastic and electric properties of the CFO core and BFO
shell were also determined from literature. [372], [378]–[382] The mechanical
boundary condition was set in the middle plane of the CFO core through
fixing the vertices. The electrical ground was applied on the boundaries of
the medium. For the study of the induced electrical surface potential as a
function of BFO shell thickness, shell thickness values were selected from
2.5 nm to 20 nm.
Magnetoelectric effect induced RhB degradation measurement Experiments were performed to study the degradation of model organic
pollutant, rhodamine B (RhB) dye in the presence of our CFO@BFO NOs
using AC magnetic fields. An RhB concentration of 2 mg L−1 was chosen to perform degradation experiments. 20 mg of CFO@BFO NOs were
dispersed in 20 mL of RhB solution and placed inside the custom-built
magnetic set-up and subjected to various magnetic fields and frequencies
under constant agitation, after the adsorption-desorption equilibrium was
reached. A UV-Vis spectrophotometer (Tecan Infinite 200 Pro) was used
to obtain the fluorescent spectra of RhB over time by taking aliquots of
irradiated RhB solution every 10 minutes for 50 minutes.
Trapping experiments To investigate the degradation pathways behind magnetoelectric effect-induced catalysis, we performed trapping experiments using different scavengers. AgNO3 (2 mM), ethylene diamine
tetraacetic acid (EDTA, 2 mM), tert-butyl alcohol (TBA, 2 mM) and benzoquinone (BQ, 0.5 mM) solutions were prepared in a 2 µg L−1 RhB solution.
For the catalysis experiments, 2 mg of CFO@BFO NOs were dispersed in
2 mL of RhB solution and placed inside the custom-built magnetic set-up.
For the experiment to probe the formation of OH• radicals, 0.5 mM terephthalic acid solution was prepared in was prepared and subjected to AC
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magnetic fields with CFO@BFO NOs, after which the solution’s intensity
was monitored at 425 nm every 30 mins.
Magnetoelectric effect induced micro-pollutant degradation measurement Experiments were performed to study the degradation of five common pharmaceuticals in the presence of our CFO-BFO NPs using AC
magnetic fields. The pharmaceuticals chosen for this study were Carbamazepine, Diclofenac, Gabapentin, Oxazepam and Fluconazole, each having
a concentration of 50 µg L−1 . 50 mg of CFO@BFO NOs were dispersed in
55 mL of above solution and placed inside the custom-built magnetoelectric
set-up and subjected to the optimised magnetic field conditions under constant agitation, once the adsorption-desorption equilibrium was reached.
After magnetic treatment, the NOs were removed from the solution using centrifugation and magnetic separation. To compare the efficiency of
the magnetic treatment, a second sample set was prepared without being
subjected to any magnetic treatment. Briefly, 50 mL of samples were used.
Samples were stored at 4o C and were analyzed within 5 days. All samples
showed a pH value between 1.9 and 2.1 and hence, samples were not acidified as reported before.
Before loading, Strata-XL cartridge were first conditioned with 6 mL
of methanol and afterwards with 6 mL of ultrapure water. Conditioning
process was done under gravity. Samples were loaded on the cartridges,
also under gravity. After loading, cartridges were washed with 6 mL of
pure water and subsequently dried under reduced pressure for 30 min.
Target analytes were eluted with 6 mL of methanol. Solvent was evaporated
under a gentle steam of nitrogen at 40o C. Dried residues were dissolved in
100 µL of 0.1% formic acid in water. Five replicates of each sample were
analyzed. Analysis was performed using a LTQ-XL linear ion trap (Thermo
Scientific, San Jose (CA), United States ) mass spectrometer coupled to
a Waters Acquity UPLC system (Milford (MA), United States). Gradient
elution was done on a Waters BEH C18 column (2.1 x 50 mm, 1.7 µm). The
mobile phase consisted of 0.1% formic acid in water (eluent A) and formic
acid (0.1%) in acetonitrile (eluent B). The flow rate was set to 0.5 mL min−1
and the injection volume was 10 µL. Dwell volume of the UPLC system
was 0.7 mL. The final LC gradient was as follows: 0-2 min 2% B, 2-12 min
to 90% B, 12-15 90% B, 15-15.5 min to 2% B,15.5 -20 min 2% B. The column
oven and the autosampler was set to 30o C and 10o C, respectively.
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Figure 5.4: Scheme showing the various steps employed to fabricate CFO-BFO
nanoparticles

MS settings used are as follows. Analysis of carbamazepine, fluconazole,
gabapentine and oxazepam was performed in the positive ionization mode.
For diclofenac, negative ionization mode under same solvent conditions
was used. The LTQ-XL was equipped with a heated ESI II source set to
150o C. Sheath gas 40 arbitrary units (AU), auxiliary gas 20 AU: source
voltage 3 kV; ion transfer capillary 300o C; capillary voltage 31 V; tube lens
voltage 80 V. Automatic gain control was set to 15 000 ions for full scan
and 5000 for MSn . Collision induced dissociation (CID)- MSn experiments
were performed on precursor ions selected for MS1 . Using information
dependent acquisition, MS1 was performed was performed in full scan
mode (m/z 100-1500). MS2 and MS3 were performed in the IDA mode: four
IDA MS2 experiments were performed on the four most intensive signal
from MS1 and additionally eight MS3 scan filters were chosen to record the
most and second most ions from MS2 . Removal efficiency was evaluated by
comparing peak areas of the respective drugs before and after treatment.
5.3.3

Results and Discussion

The magnetoelectric nanocatalysts consist of magnetostrictive cobalt(II)
ferrite (CoFe2 O4 , CFO) cores coated with multiferroic bismuth(III) ferrite
(BiFeO3 , BFO) shells. CFO nanooctahedrons (NOs) were fabricated by a
hydrothermal synthesis approach by carefully tuning the growth conditions
to obtain single-crystalline and phase-pure NOs. Co-precipitation method
was employed to form CFO NOs by using NaOH solution to form precipitates of iron and cobalt hydroxides. [383]–[385] CTAB was used as the
surfactant to control the nucleation and shape of the CFO NOs. [373], [386]
This mixture was then sealed in an autoclave and placed in an oven at
elevated temperatures for hydrothermal treatment. Core-shell magnetoelectric (ME) CFO@BFO NOs were fabricated by coating the CFO NOs with a
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Figure 5.5: Structural characterisation of core-shell CFO-BFO NPs.TEM image
showing many overlapped (a) CFO and (b) CFO-BFO NPs. (c) HAADF
STEM image obtained for some overlapped CFO-BFO NPs and its
corresponding EDX maps obtained for Co, Fe, O and Bi, with the
superimposed images clearly showing core-shell CFO-BFO NPs (scale
bars: (a) 80 nm, (b) 100 nm, (c) 30 nm).

BFO precursor via a sol-gel approach, followed by annealing the NOs to
crystallize the BFO shell. [387]–[389] (Figure 5.4).
CFO NOs fabricated in this study are octahedrons and have an average
size of 30 nm. (Figure 5.5(a)). The core-shell CFO@BFO NOs have an average size of 42 nm (Figure 5.5(b)). Energy-dispersive X-ray (EDX) mappings
confirm the presence of a unifomly grown shell composed of bismuth, iron
and oxygen around the cobalt ferrite core (Figure 5.5(c)).
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Figure 5.6: (a) XRD patterns obtained for core-shell NPs. (b) HRTEM image of
a single CFO NP (c) and its SAED pattern. (d) HRTEM image of a
core-shell NP showing the BFO shell region and (e) its SAED pattern.
(scale bars: (b) 2 nm, (c) 4 nm−1 , (d) 2.5 nm and (e) 3 nm−1 )

The crystalline structure of the CFO and CFO@BFO NOs was analyzed
using TEM and XRD. XRD patterns (Figure 5.6(a)) showed that for CFO
NOs all peaks can be assigned to the pure Fd3m structure of CoFe2 O4
(JCPDS No. 01-1121), indicating a cubic spinel structure. Similar analysis
performed on CFO@BFO NO sample shows that in addition to the CoFe2 O4
peaks, they possess additional peaks that can be assigned to the pure phase
of BiFeO3 (JCPDS No. 71-2494), indicating a rhombohedral perovskite struc131

ture with the space group R3c.
A HRTEM analysis performed on a single CFO NO sample is presented
in Figure 5.6(b), and features an intact and orderly structure. The planes
with interplanar d-spacing of 0.295 nm matches the (220) crystal face of
CFO. Its corresponding SAED pattern is presented in Figure 5.6(c), which
indicates the occurrence of a single-crystalline CFO structure. The spots in
the SAED pattern have been indexed according to the pure cubic spinel
(Fd3m) structure of CoFe2 O4 . The HRTEM image obtained for BFO shell
shows the presence of an intact, orderly, single-crystalline structure ( Figure
5.6(d)). The planes with interplanar textitd-spacing of 0.198 nm match the
(024) crystal face. Its corresponding SAED pattern is presented in Figure
5.6(e) and shows that the BFO shell is also single crystalline. The spots
in the SAED pattern have been indexed according to the R3c structure of
BiFeO3 .
The ferroelectricity and magnetoelectricity of a single core-shell NO was
directly probed using PFM under an external magnetic field. A conductive
cantilever tip was used in contact mode to apply an alternating voltage to a
CFO@BFO NO and induce piezoelectric surface oscillations, which were
sensed through the cantilever deflection. To investigate the ferroelectric
and magnetoelectric coupling effect in our CFO@BFO NOs, local piezoresponse hysteresis loops were obtained at random locations of a NO (Figure
5.7(a, b)) by sweeping the applied DC bias, while simultaneously measuring the phase and amplitude response. The excitation voltage waveform
was programmed to be a stepwise increasing pulsed DC voltage that was
superimposed on a small AC voltage. In order to minimize the possible
interference caused by electrostatic forces, the AC response signal was
acquired only during the off-phase of the voltage pulse sequence. [60], [390]
From the phase loop presented in Figure 5.7(a) it can be clearly observed
that the BFO shell exhibits polarization reversibility both with and without
the application of the external magnetic field. From this image it is clear that
BFO’s polarization directions can be switched at both polarities of the tip
DC-bias voltage. Both piezoresponse phase loops are horizontally shifted, a
trend that can also be observed from the amplitude curves with asymmetric
butterfly shape (Figure 5.7(b)) [335], [391]. This asymmetry in the loops can
be attributed to many factors, such as the imprint effect, internal bias fields
inside the materials, and/or due to a work function difference between the

132

top, Pt-coated Si probe and the bottom gold electrode. [230], [390], [392]

Figure 5.7: Ferroelectric and magnetoelectric characterisation of core-shell CFOBFO nanostructures. (a) Amplitude response of a single core-shell NP
obtained with and without magnetic field and (b) the corresponding
phase response. (c) COMSOL simulations performed on a CFO-BFO
nanopartcile under a magnetic field of 15 mT showing the (c) strain
generated on the BFO shell due to the magnetostrictive CFO core and
(d) the corresponding electric potential induced on the surface of the
BFO shell.

The coercive voltages for the BFO shell measured without magnetic field
are -4.69 V and 2.65 V, respectively. When the magnetic field was applied,
the coercive voltages changed to -3.47 V and 3.06 V, respectively. This
smaller coercive voltage obtained under magnetic field indicates that the
strain generated in the magnetostrictive CFO core was effectively transferred
to the shell, facilitating the polarization reversal process in BFO. This is an
indirect evidence of strain mediated magnetoelectric effect in the core-shell
CFO@BFO NOs. The positive coercive voltage change (0.41 V) is smaller
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than the negative coercive voltage change (1.22 V). The asymmetric change
means that there is an offset of the center of the piezoresponse loop under
the magnetic field, which is supposed to be caused by an electric field
generated by the magnetoelectric effect. [60], [393] The magnetoelectric
coupling coefficient is defined by Equation 5.3 as follows:
∆E
(5.3)
∆H
where ∆H is the change in magnetic field and ∆E is the change in the
electric field caused by the external magnetic field. For our CFO@BFO
NOs, the ∆E i.e. the offset of center of the loop upon application of
magnetic field can be estimated to be (1.22 – 0.41 V)/2/10 nm = 40.5
MV m−1 . Hence, the local ME coefficient can be estimated as 40.5 ×
104 mV cm−1 Oe−1 . This value is in the same order of magnitude as
those reported for some core-shell magnetoelectric nanostructures such
as FeGa@P(VDF-TrFE), CoFe2 O4 @-PbZr0.52 Ti0.48 O3 , CoFe2 O4 @-BaTiO3 and
CoFe2 O4 @-BiFeO3 which were evaluated by similar methods. [60], [365],
[394], [395]
α

=

In order to further investigate this magnetoelectric coupling observed in
our CFO@BFO NOs, we performed finite element simulations on a single
core-shell NO under static magnetic fields. (Figure 5.7(c) presents the strain
distribution generated on the BFO shell when the core-shell NO was placed
in an external magnetic field of 15 mT. From (Figure 5.7(d)), we can observe
the corresponding electric potential gradient induced on the surface of the
BFO shell, which is determined by the magnetoelectric coupling and the
compliance matrix of the BFO shell. From these simulations we can observe
that, when subjected to external magnetic fields, a CFO@BFO NO can
generate a local surface potential in the µV range, which can be exploited
to initiate certain chemical reactions.
Towards this effect, we investigated the capability of our ME NPs to initiate electrochemical processes under the application of alternating magnetic
fields by studying the degradation of a model organic pollutant, rhodamine
B (RhB). Degradation curves obtained for RhB under alternating magnetic
fields for CFO@BFO and some controls are presented in Figure 5.8(a). From
this figure we can observe that the control sample (without any NOs)
and the CFO NOs sample displayed a negligible response to alternating
magnetic fields. BFO NOs, showed a slight decrease in RhB concentration
(22%), which can be due to the weak coupling between the ferromagnetic
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Figure 5.8: (a) Catalytic degradation curves obtained for model organic dye,
RhB, under 15 mT and 1 kHz magnetic fields. (b) Degradation rates
obtained for CFO-BFO NPs with varying shell thickness. COMSOL
simulation results for (c) strain and (d) potential for different BFO
shell thickness.

and ferroelectricity of BFO at room temperature, as previously discussed
in Chapter 4.5. In contrast, core-shell CFO@BFO NOs demonstrated an
elevated RhB degradation efficiency of 97% within 50 min (Figure 5.8(a)).
This enhanced organic pollutant removal performance of CFO@BFO NOs
can be attributed to the ME effect induced redox reactions that are responsible for the catalytic degradation of RhB. Quantitative analysis on ME
effect-induced RhB degradation was performed by comparing the reaction
rate constant k, which can be defined by Equation 5.4:
ln

C
= −kt
C0

(5.4)

where k is the reaction rate constant, Co is the initial RhB concentration,
and C is the RhB concentration at a given time t. This calculation is based
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on the assumption that the kinetics of RhB degradation reaction catalyzed
by the CFO@BFO nanostructures are pseudo-first-order reactions.
In the next step, the effect of BFO shell thickness on the magnetoelectricallyinduced catalytic degradation of RhB dye by the core-shell NOs was studied.
For this experiment, we coated the CFO NOs with varying BFO precusor
concentrations. From the results obtained from this study (Figure 5.8(b))
we can observe that the best performance was obtained for CFO@BFO NOs
with a BFO shell thickness of 6 nm. To understand these results better,
we further performed COMSOL simulations to assess the effect of BFO
shell thickness on the strain generated in the CFO core and the subsequently induced surface potential on BFO shell. From Figure 5.8(c) we can
observe that as the BFO shell thickness increases, the strain generated in
the magnetostrictive CFO core reduces and hence, less strain gets transfered to the piezoelectric BFO shell. Figure 5.8(d) presents the effect of
BFO shell thickness on the potential generated on its surface. From this
plot we can observe that a shell thickness between 6-7.5 nm resulted in
the highest electric potential generation on the BFO shell. These results are
in good agreement with the experimental results obtained for RhB degradation by CFO@BFO NOs with a BFO shell thickness of 6 nm (Figure 5.8(a)).
The effect of varying magnetic field strengths and frequencies on RhB
degradation rate was carefully investigated and is presented in Figures 5.9
(a, c), respectively. We observed that increasing the magnetic field strength
and frequency have a positive effect on RhB degradation rate. These results
are also supported by the simulations performed on the core-shell NOs
(Figures 5.9 (b)). Based on these results, a magnetic field strength of 15
mT and a frequency of 1.1 kHz were chosen as our preferred magnetic
field parameters for further degradation experiments (k-value of 0.0725
min−1 ). Under these parameters we tested the reusability performace of the
core-shell NOs for multiples cleaning runs and from Figure Figure 5.10(d)
we can observe that the NOs display a good reusability even after the 8th
consecutive run.
Furthermore, we also tested the efficiency of using CFO@BFO NOs for
degrading other complex micro-pollutants such as pharmaceuticals. For this
study, we formulated a cocktail consisting of five commonly used pharmaceuticals, namely, Carbamazepine, Diclofenac, Gabapentin, Oxazepame and
Fluconazole and studied the removal rate of each of the five drugs. From
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Figure 5.9: (a) Comparison of RhB degradation rate contants obtained by using
CFO-BFO NPs under different magnetic field strengths at 1.1 kHz
field frequency, (b) coreesponding COMSOL simulation results, (c)
under different field frequencies and at a magnetic field strength of
15 mT. (d) Reuse performace of CFO-BFO NPs.

this Figure 5.10 we can observe that using the core-shell ME CFO@BFO
NOs we were able to degrade over 85% of all five drugs, in a non-selective
manner. These results further confirm our hypothesis that our ME NOs can
be used to trigger AOPs and target a wide variety of organic compounds, in
a non-selective approach. Importantly, with this approach, pharmaceutical
compounds that are difficult to remove with conventional ozonation procedures such as, Oxazepame and Fluconazole, were successfully degraded. .
In order to elucidate our magnetoelectric effect-induced RhB degradation mechanism, we performed trapping experiments of the prominent
reactive species that are responsible for decomposition of organic pollutants.
For this, degradation of RhB dye was carried out under the optimized mag137

Figure 5.10: Removal efficiency of a cocktail of five common pharmaceuticals
using the core-shell NPs.

netic field parameters in the presence of ME CFO@BFO NOs and different
reactive species scavengers. It can be seen from the k-values presented in
Figure 5.11(a) that the catalytic degradation efficiency decreases with the
addition of scavengers, proving that they all participate in the degradation
of RhB. Addition of the electron scavenger, AgNO3 and the hole scavenger,
ethylene diamine tetraacetic acid (EDTA) lowers the reaction-rate constants.
Trapping superoxide radicals O2 •− with benzoquinone (BQ) or the hydroxyl
radical OH• with tert-butyl alcohol (TBA) suppressed the degradation of
RhB greatly. These results reveal that the predominant reactive species for
magnetoelectrically-induced RhB degradation were the radicals.
In addition to the trapping experiments, we confirmed the formation of
hydroxyl radicals in our degradation experiments by using terephthalic acid
as a photoluminescentOH• trapping agent. Terephthalic acid readily reacts
with OH• radicals to produce a fluorescent product, 2-hydroxyterephthalic
acid, which emits a fluorescent signal at 425 nm. From the results of this
experiment (Figure 5.11(b)) we can observe an increase in fluorescence
intensity at 425 nm with increasing reaction time, which offers further proof
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Figure 5.11: (a) Trapping experiments demonstrating the effect of the four reactive species on degradation efficiency of RhB using core-shell
CFO-BFO NPs under 15 mT and 1.1 kHz magnetic fields. (b) Reaction of terephthalic acid with hydroxyl radicals to produce increasing
amounts of fluorescent 2-hydroxyterephthalic acid with peak intensity at 425 nm.

of OH• radical formation during the catalytic reaction.
Based on the above results, we present the mechanism behind our magnetic field induced chemical degradation of organic pollutants in Figure 5.12.
Under the influence of alternating magnetic fields, the magnetostrictive CFO
core experiences continuous deformation. This strain is then transferred
to the ferroelectric BFO shell, inducing changes in its surface polarization.
Such polarized CFO@BFO NOs can initiate the formation of highly reactive
radical species (hydroxyl OH• and superoxide O2 •− radicals), that are
responsible for non-selective degradation of organic compounds.
5.3.4

Summary

In this work, we have successfully fabricated core-shell magnetoelectric
CoFe2 O4 @-BiFeO3 nanooctahedrons and demonstrated that they can be
used for catalytic degradation of organic compounds using magnetic fields.
Magnetostrictive CFO NOs were fabricated using hydrothermal approach,
followed by using sol-gel process to form a BFO shell. Piezoresponse force
microscopy was used to prove that the BFO shell is ferroelectric. PFM
analysis performed with and without magnetic field displayed evidence
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Figure 5.12: Scheme showing magnetoelectric (ME) effect induced catalytic degradation of organic pollutants using core-shell CFO-BFO NPs under
magnetic fields.

of strain mediated magnetoelectric effect in the core-shell CFO@BFO NOs.
Under the influence of magnetic fields, the core-shell NOs were able to
degrade organic pollutant, RhB with an efficiency of 97% within 50 min.
Additionally, using our CFO@BFO NOs we were also able to successfully
degrade other complex micro-pollutants such as commonly used pharmaceuticals. To understand the mechanism behind this novel magnetoelectric
effect-induced degradation of organic compounds, trapping experiments
were performed by using scavengers for the reactive species. We were able
to identify OH• and O2 •− radicals as the main reactive species responsible for the magnetoelectrically induced catalytic degradation of organic
compounds.
5.4

magnetoelectric effect-induced catalysis reduction of
cr(vi) to cr(iii)

Contamination of our water bodies with toxic heavy metals is one of the
most pressing global challenges faced by us. Conventional approaches for
removing highly toxic and carcinogenic heavy metals lack practical implications. Reduction of harmful heavy metals, such as hexavalent chromium
(Cr(VI)), into less harmful trivalent chromium Cr(III) has been gaining
much interest. In this direction, using UV light based photocatalysts has
been heavily investigated for reducing various problematic heavy metals. However, in practical applications, use of light is highly inefficient
due to poor light absorption in murky and colored heavy metal contam140

inated water. In this work, we have demonstrated a novel approach that
use wireless magnetic fields as the trigger to initiate reduction of toxic
heavy metals. Core-shell magnetoelectric CoFe2 O4 @-BiFeO3 nanooctahedral particles were fabricated and used for the catalytic reduction of Cr(VI)
via the magnetoelectric effect. We also performed trapping experiments
to elucidate the mechanism behind the magnetic field induced catalytic
reduction. During these experiments we were able to reduce 86% of toxic
Cr(VI) when a scavenger for singlet oxygen was used. Additionally, we also
demonstrated simultaneous reduction of Cr(VI) and degradation of organic
pollutant, methylene blue, in a synergistic manner.
5.4.1

Introduction

Rapidly increasing industrialization significantly contributes to the growing water contamination crisis and is one of the major global challenges
faced by the modern society. [396] Heavy metals such as arsenic, mercury,
lead, chromium and nickel, are extensively used for industrial processes
including electroplating, leather tanning, textile dyeing, metallurgy, mining
and fabrication of batteries. [97], [397], [398] Exposure to these heavy metals
has been linked to numerous health and environmental risks. Among these
heavy metals, chromium is highly problematic due to its toxic and carcinogenic nature. Chromium (Cr) is widely distributed in the earth’s crust,
mostly in the absorbable trivalent oxidation state (Cr(III)). Cr(III) is an essential nutrient that is necessary for maintaining lipid, insulin, and glucose
metabolism and its deficiency has been linked to diabetes. [399] Hexavalent
chromium (Cr(VI)) on the other hand is highly oxidizing in nature and
long-term exposure to doses as low as 25 mg L−1 has been strongly associated with reproductive toxicity, mutagenicity, and carcinogenicity. [400],
[401] Ingestion of higher doses of Cr(VI) results in severe acute effects
such as gastrointestinal disorders, hemorrhagic diathesis, and convulsions,
followed by cardiovascular shock, and death. [402] Additionally, increased
evidences of genotoxic effects such as chromosomal aberrations and sister
chromatic exchanges have been found in workers exposed to even small
doses of Cr(VI) on a daily basis. [403] Based on this, Cr(VI) has been classified as carcinogenic to humans and hence, World Health Organization
(WHO) prescribed 0.05mg L−1 as the maximum level of Cr(VI) in drinking
water. [400]
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It is due to these reasons that removal of Cr(VI) from contaminated
water has been highly investigated through many techniques such as cross
flow microfiltration, reverse osmosis, ion exchange. [404], [405] However,
these methods impose significant operational costs and offer very low efficiency, especially when Cr(VI) is present in small concentrations. Due to
these disadvantages, a lot of attention has been given to reducing highly
mobile and soluble Cr(VI) to the less harmful Cr(III) state of chromium.
Cr(III) readily precipitates to form Cr(OH)3 in neutral or alkaline solutions,
and hence can be easily removed. [406], [407] Towards this effect, various
approaches to reduce Cr(VI) to Cr(III) have been studied including use
of chemical, microbial, electrochemical reduction, where photocatalytic
reduction has gained considerable attention due to its ease of operation
and cost-effective treatment. Photocatalysts such as titanium dioxide, zinc
oxide and cadmium sulfide have all shown the possibility of reducing
heavy metals such as mercury, lead, chromium, nickel and silver by using
UV light. [408], [409] However, in spite of these promising results, use of
photocatalysis for reduction of heavy metals faces several major drawbacks
including use of energy intensive UV light, which accounts for less than 5%
of solar spectrum. Additionally, since this method relies on light absorption,
it further suffers from low efficiency when cleaning murky or colored water,
which is often the case in real life applications.
In this work, we have developed novel magnetoelectric nanocatalysts
that are capable of reducing heavy metals under the application of AC
magnetic fields. Core-shell magnetostrictive cobalt ferrite and multiferroic
bismuth ferrite octahedral shaped nanostructures were developed that were
capable of harnessing energy from magnetic fields to create surface charges
for reduction of Cr(VI). We also studied the mechanism behind our magnetic
field assisted catalytic reduction by conducting trapping experiments where
scavengers for different reactive species were employed.
5.4.2

Experimental Methods

Fabrication of core-shell CFO@BFO nanooctahedrons (NOs) CFO@BFO
NOs were fabricated using a similar protocol as discussed in Section 5.3.2.
Briefly, CoFe2 O4 (CFO) nanooctahedrons were fabricated by a hydrothermal
synthesis approach, at 180 o C for 24 h. This was followed by a sol-gel coating approach where a precursor of BiFeO3 (BFO) was prepared in ethylene
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glycol. To this solution dried CFO nanoparticles were added and dried at
80 o C overnight, followed by annealing the dried powder at 600 o C for 2 h.
Material characterization The morphology of the resulting CFO@BFO
NOs was investigated by transmission electron microscopy (TEM, FEI F30,
FEI Co., Hillsboro, OR), and scanning transmission electron microscopy
(STEM, FEI F30). Distribution of elements along the nanoparticles were
studied by energy-dispersive X-ray (EDX) mapping using HAADF STEM
(FEI Talos F200X). The crystallographic structure of the nanostructures
was analyzed by X-ray diffraction on a Bruker AXS D8 Advance X-ray
diffractometer, equipped with a Cu target with a wavelength of 1.542.
Piezoresponse force microscopy (PFM) investigations were performed on a
commercial atomic force microscope (NT-MDT Ntegra Prima). Pt-coated
Si probes, i.e. HA-FM01/Pt, were used, and the imaging contact force
set-points were carefully controlled. To acquire local piezoresponse loops,
ac signals (V AC = 0.5 V) were superimposed on triangular staircase wave
with DC switching from −10 V to 10 V. To study change in piezoelectric
response of the sample under magnetic field, an in-plane magnetic field of
1000 Oe was applied to the sample.
Magnetoelectric effect induced Cr(VI) reduction measurements Experiments were performed to study the reduction of Cr(VI) dye in the
presence of our CFO@BFO NOs using AC magnetic fields. A 1000 ppm
stock solution of Cr(VI) was prepared by dissolving 0.283 g of potassium
dichromate (K2 Cr2 O7 ) in 100 mL of DI water, after drying it at 100 o C for an
hour. Using this stock solution Cr(VI) standards were prepared by diluting
the stock solution appropriately to obtain 2.5, 5, 10, 12.5, 16.6, 25 and 50
ppm. The calibration curve obtained for these Cr(VI) standards is shown in
Figure 5.13.
A Cr(VI) solution concentration of 25 ppm (25 mg L−1 ) was chosen to
perform reduction experiments. 20 mg of CFO@BFO NOs were dispersed
in 10 mL of Cr(VI) solution and placed inside the custom-built magnetic
set-up and subjected to AC magnetic fields and frequencies under constant
agitation, in dark, after the adsorption-desorption equilibrium was reached
(after 60 mins). Aliquots of irradiated Cr(VI) solution were taken every 30
minutes for 150 minutes, their pH was adjusted to 2. To these aliquots 10
µL of 1,5–diphenylcarbazide (1,5-DPC) solution was added and pipetted
a few times to ensure a good mix. A UV-Vis spectrophotometer (Tecan
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Figure 5.13: The calibration curve obtained for Cr(VI) standards.

Infinite 200 Pro) was used to obtain the absorbance of these Cr(VI)-1,5-DPC
solutions at λ= 540 nm.
Trapping experiments To investigate the degradation pathway behind
magnetoelectric effect-induced reduction of Cr(VI), we performed trapping
experiments by using different scavengers. AgNO3 (2 mM), ethylene diamine tetraacetic acid (EDTA, 2 mM), tert-butyl alcohol (TBA, 2 mM) and
sodium azide ( NaN3 , 2 mM) solutions were prepared in a 25 ppm Cr(VI)
solution. For the catalysis experiments, 20 mg of CFO@BFO NOs were
dispersed in 10 mL of Cr(VI) solution and placed inside the custom-built
magnetic set-up. Aliquots of irradiated Cr(VI) solution were taken every 30
minutes for 150 minutes, their pH was adjusted to 2. To these aliquots 10
µL of 1,5–diphenylcarbazide (1,5-DPC) solution was added and pipetted
a few times to ensure a good mix. A UV-Vis spectrophotometer (Tecan
Infinite 200 Pro) was used to obtain the absorbance of these Cr(VI)-1,5-DPC
solutions at at λ= 540 nm.
Magnetoelectric effect induced synergestic reduction of Cr(VI) and
degradation of methylene blue measurements A solution of 25 ppm
Cr(VI) and 4 ppm methylene blue (MB) was chosen to perform these experi144

ments. 20 mg of CFO@BFO NOs were dispersed in 10 mL of Cr(VI) solution
and placed inside the custom-built magnetic set-up and subjected to AC
magnetic fields and frequencies under constant agitation, in dark, after the
adsorption-desorption equilibrium was reached (after 60 mins). Aliquots
of irradiated Cr(VI) solution were taken every 30 minutes for 150 minutes,
their pH was adjusted to 2. To these aliquots 10 µL of 1,5–diphenylcarbazide (1,5-DPC) solution was added and pipetted a few times to ensure a
good mix. A UV-Vis spectrophotometer (Tecan Infinite 200 Pro) was used
to obtain the absorbance for Cr(VI)-1,5-DPC complex at λ= 540 nm and for
MB dye, λ= 670 nm. To obtain the absorbance spectra, similar protocol was
followed as above but with an elevated MB dye concentration of 12ppm, in
order to better visualise the absorbance decreasing with time.
5.4.3

Results and Discussion

The magnetoelectric nanocatalysts are composed of a magnetostrictive
cobalt ferrite (CoFe2 O4 , CFO) core, which is subsequently coated with a
multiferroic bismuth ferrite BiFeO3 , BFO) shell. CFO nanostructures were
fabricated by a hydrothermal synthesis approach to obtain single-crystalline
and phase-pure nanooctahedrons (NOs). Co-precipitation method was employed to form CFO NOs by using NaOH solution to form precipitates of
iron and cobalt hydroxides. [383], [384] CTAB was used as the surfactant to
control the nucleation and shape of the CFO NOs. [386] This mixture was
then sealed in an autoclave and placed in an oven at elevated temperature
for hydrothermal treatment. Core-shell magnetoelectric (ME) CFO@BFO
NOs were fabricated by coating the CFO NOs with a BFO precursor via a
sol-gel approach, followed by annealing the NOs to crystallize the BFO shell.
(Figure 5.4). [387]–[389] CFO NOs fabricated in this study are presented in
(Figure 5.14 (a)) from where we can clearly observe that the nanoparticles
have octahedral shapes. The core-shell CFO-BFO nanostructures retain the
octahedron shape after the BFO shell coating and have an average size of
42 nm (Figure 5.14 (b)). Energy-dispersive X-ray (EDX) mappings confirm
the presence of a shell composed of bismuth, iron and oxygen around the
cobalt ferrite core (Figure 5.14 (c)).
The crystalline structure of the CFO and CFO@BFO NOs was analyzed
by X-ray diffraction (XRD). XRD patterns (Figure5.14 (d)) showed that for
CFO NPs all peaks can be assigned to the pure Fd3m structure of CoFe2 O4
(JCPDS No. 01-1121), indicating a cubic spinel structure. Similar analysis
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Figure 5.14: (a) TEM image showing several overlapping (a) CFO nanooctahedrals (CFO NOs) and (b) many overlapping CFO@BFO NOs. (c)
HAADF STEM image obtained for a few CFO@BFO NOs and the
corresponding EDX maps obtained for Co, Fe and Bi, with the superimposed images clearly showing presence of a BFO shell around
CFO core. (d) XRD patterns obtained for CFO NOs and CFO@BFO
NOs. Scale bars: (a) 100 nm, (c, d) 20 nm.

performed on CFO@BFO NO sample shows that in addition to the CoFe2 O4
peaks, they possess additional peaks that can be assigned to the pure phase
of BiFeO3 (JCPDS No. 71-2494), indicating a rhombohedral perovskite structure with the space group R3c.
The ferroelectricity and magnetoelectricity of a single core-shell NO
was directly probed using piezoresponse force microscopy (PFM) under
an external magnetic field. A conductive cantilever tip was used in contact
mode to apply an alternating voltage to the CFO@BFO NO and induce
piezoelectric surface oscillations, which were sensed through the cantilever
deflection. To investigate the ferroelectric and magnetoelectric coupling
effect in our CFO@BFO NO, local piezoresponse hysteresis loops were
obtained at random locations of an NO (Figures 5.15 (a, b)) by sweeping the
applied DC bias, while simultaneously measuring the phase and amplitude
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Figure 5.15: Ferroelectric and magnetoelectric characterisation performed on
core-shell CFO@BFO NO. (a) Amplitude response of a single coreshell NO obtained with and without magnetic field and (b) the
corresponding phase response.

response. The excitation voltage waveform was programmed to be a stepwise increasing pulsed DC voltage that was superimposed on a small AC
voltage. The AC response signal was acquired only during the off-phase
of the voltage pulse sequence to minimize the possible interference caused
by electrostatic forces. [60], [390] From the phase loop presented in Figure
5.15 (a) it can be clearly observed that the BFO shell exhibits polarization
reversibility both with and without the application of an external magnetic
field. Both piezoresponse phase loops are horizontally shifted, a trend that
can also be observed from the amplitude curves with asymmetric butterfly
shape (Figure 5.15 (b)). This asymmetry in the loops can be attributed to
many factors, such as the imprint effect, internal bias fields inside the materials, and/or due to a work function difference between the top, Pt-coated
Si probe and the bottom gold electrode. [230], [392]
The coercive voltages for the BFO shell measured without magnetic field
are -7.96 V and 0.20 V, respectively. When the magnetic field was applied,
the coercive voltages changed to -5.10 V and 1.02 V, respectively. This
smaller coercive voltage obtained under magnetic field indicates that the
strain generated in the magnetostrictive CFO core was effectively transferred
to the shell, facilitating the polarization reversal process in BFO. This is an
indirect evidence of strain mediated magnetoelectric effect in the core-shell
CFO@BFO NOs. The positive coercive voltage change (0.82 V) is smaller
than the negative coercive voltage change (2.86 V). The asymmetric change
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Figure 5.16: Magnetoelectric effect induced catalytic reduction of Cr(VI) using
core-shell CFO@BFO NOs under alternating magnetic fields. (a)
Cr(VI) reduction curves obtained by using CFO@BFO NOs under
15 mT and 1.1 kHz magnetic fields (n=5) and (b) the corresponding
reaction rate constants.

means that there is an offset of the center of the piezoresponse loop under
the magnetic field, which is supposed to be caused by an electric field
generated by the magnetoelectric effect. [60], [393] The magnetoelectric
coupling coefficient is defined by Equation 5.5 as follows:
∆E
(5.5)
∆H
where ∆H is the change in magnetic field and ∆E is the change in the
electric field caused by the external magnetic field. For our CFO@BFO NOs,
the ∆E i.e. the offset of center of the loop upon application of magnetic field
can be estimated to be (2.86 – 0.82 V)/2/6 nm = 170 MV m−1 . Hence, the
local ME coefficient can be estimated as 17 × 105 mV cm−1 Oe−1 . This value
is in the same order of magnitude as those reported for some core-shell
magnetoelectric nanostructures such as FeGa@P(VDF-TrFE), CoFe2 O4 @PbZr0.52 Ti0.48 O3 , CoFe2 O4 @-BaTiO3 and CoFe2 O4 @-BiFeO3 which were evaluated by similar methods.
α

=

Towards this effect, we used our core-shell NOs to investigate their
capability to initiate electrochemical reduction of Cr(VI) to Cr(III) under the
influence of AC magnetic fields. Figure 5.16 (a) presents the magnetoelectriceffect induced Cr(VI) reduction curves obtained for core-shell CFO@BFO
NOs and some controls. From this figure we can observe that the control
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sample (without any NOs), the NOs without MF sample (Cr(VI) solution
and NOs without any magnetic field influence) and the CFO NOs samples
displayed a negligible response to AC magnetic fields. BFO NOs, showed a
slight decrease in Cr(VI) concentration (11%), which can be due to the weak
coupling between the ferromagnetic and ferroelectricity of BFO at room
temperature. [410], [411] In contrast, core-shell CFO@BFO NOs demonstrated a higher Cr(VI) reduction efficiency of 27% within 150 min (Figure
5.16 (a)). This increase in Cr(VI) reduction efficiency demonstrated by the
core-shell CFO@BFO NOs in comparison to the only BFO sample can be
attributed to the ME effect induced redox reactions that are responsible
for the catalytic reduction of Cr(VI) to Cr(III). The slow Cr(VI) reduction
observed under CFO@BFO NOs (only 27% after 150 min) can be explained
by a rapid electron-hole recombination rate. However, once the reaction was
allowed to prolong for 600 min, almost all of the Cr(VI) was reduced. Quantitative analysis on ME effect-induced Cr(VI) reduction was performed by
comparing the reaction rate constants k, which can be defined by Equation
5.6,
C
ln
= −kt
(5.6)
C0
where Co is the initial Cr(VI) concentration and C is the Cr(VI) concentration at a given time t. Kinetics of Cr(VI) reduction reaction catalyzed by
the CFO@BFO NOs are pseudo-first-order reactions.
From the analysis provided in Figure 5.16 (b), we can observe that the
core-shell NOs, with a k-value of 0.0021 min−1 were 2.6 times faster in
reducing Cr(VI) to Cr(III) than BFO nanoparticles. We also examined the
reuse performance of CFO@BFO NOs for multiple consecutive runs and
observed that the NOs developed in this work can be used for consecutive
reduction cycles, after regenerating them in dilute citric acid (Figure 5.17).
In order to elucidate the mechanism behind our magnetoelectric effectinduced Cr(VI) reduction, we first look at the various redox reactions
involved in the catalytic reduction of Cr(VI) to Cr(III). Under the influence
of AC magnetic fields, the magnetostrictive CFO core experiences a dynamic
strain, which is transferred to the piezoelectric BFO shell, which then
leads to transient changes in the polarization state of the BFO shell. This
induces negative and positive surface charges (electrons and holes) on
the BFO shell surface (Equation 5.7). These electron-hole pairs tend to
recombine, leading to a decrease in the number of available electrons
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Figure 5.17: Reuse performance of core-shell NOs over multiple treatments to
catalytically reduce Cr(VI) under magnetic fields.

that can successfully migrate to the surface of BFO and initiate Cr(VI)
reduction. In the next step, the available electrons react with Cr(VI) and
reduce it to Cr(III) (Equation 5.8). Additionally, these electrons also react
with dissolved oxygen to create superoxide O2 •− radicals (Equation 5.9).
The holes react with water molecules to create hydroxyl OH• radicals
(Equation 5.10). Singlet oxygen is formed through various pathways as
presented in Equations 5.11-5.13. Radicals, holes, and singlet oxygen are
highly oxidizing in nature and can react with the reduced Cr(III) and
oxidize it back to the toxic Cr(VI) (Equations 5.14-5.17).

CFO@BFO + Magnetic f ields
e− + Cr (V I )
e− + O2
h+ + H2 O
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Based on these redox reactions, we conducted several trapping experiments to experimentally determine the role of above reactive species on
the Cr(VI) reduction process. For this, reduction of Cr(VI) was carried out
under AC magnetic fields and CFO@BFO NOs and different scavengers.
It can be seen from Figure 5.18 (a) that the magnetoelectrically induced
reduction efficiency of Cr(VI) was increased with the addition of all scavengers. When tert-butyl alcohol (TBA) (a hydroxyl radical OH• scavenger),
ethylene diamine tetraacetic acid (EDTA, a hole scavenger), [274], [336] and
sodium azide (NaN3 , a singlet oxygen 1 O2 scavenger) were added the Cr(VI)
reduction efficiency increased to 58%, 68% and 86% respectively, in comparison to when no scavengers were added (NOs sample, 27%). This plot
clearly shows that holes, OH• radicals and the singlets oxygen molecules
all have a negative impact on reduction of Cr(VI). Figure 5.18 (b) represents
the subsequent k-values obtained from these trapping experiments from
where we can observe that the highest reduction efficiency was obtained
by using NaN3 as the singlet oxygen scavenger (k-value of 0.0125 min−1 ).
This can be explained by the fact that there is an abundance of singlet
oxygen molecules in the system (Equations 5.11-5.13), and them leads to
suppression of Equation 5.11-5.17, which oxidizes Cr(III) to Cr(VI). Hence,
addition of NaN3 results in the most enhanced Cr(VI) reduction, as seen in
other studies. Similarly, by scavenging holes, electron-hole recombination is
suppressed, resulting in more electrons that are free to participate in the
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Figure 5.18: (a) Trapping experiments demonstrating the effect of four reactive
species on reduction of Cr(VI) and (b) the corresponding reaction
rate constants. (c) Trapping experiments where multiple reactive
species were scavenged and (d) the corresponding reaction rates.

reduction of Cr(VI) to Cr(III). Additionally, quenching holes also results in
suppression of Equations 5.10, 5.14, and 5.16, further promoting reduction
of Cr(VI). Hence, from the above experiments we can conclude that use of
scavengers can result in improved magnetoelectrically-induced reduction
rates of Cr(VI), specially by scavenging singlet oxygen which resulted in
approximately six-times higher efficiency (k-value of 0.0125 min−1 vs. 0.0021
min−1 ).
Next, we explored the possibility of further improving the magnetoelectricallyinduced Cr(VI) reduction efficiency by adding a cocktail of scavengers to
the reaction. The results presented in Figure 5.18 (c) demonstrate the improved Cr(VI) reduction efficiency by scavenging multiple reactive species
together. Additionally, when AgNO3 (an electron scavenger) was used, a
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Figure 5.19: Scheme showing the magnetoelectric effect induced catalytic reduction of Cr(VI) to Cr(III).

severe retardation in Cr(VI) reduction was observed. This result further
proves that electrons are the main reactive species responsible for the reduction of Cr(VI) to Cr(III). Figure 5.18 (d), the subsequent reaction rates
are presented for quantitative comparison. From this plot the beneficial
effect of simultaneously scavenging multiple reactive species can be clearly
observed. When holes, hydroxyl radicals and singlet oxygen molecules were
scavenged together, the reaction rate improved by a factor of two compared
to when only oxygen molecules were quenched i.e. k-value of 0.0243 min−1
vs. 0.0125 min−1 ).
On the basis of the above study, in Figure 5.19 we propose the scheme for
our magnetoelectrically-induced catalytic reduction process, where, under
the influence of AC magnetic fields, a core-shell CFO@BFO NO experiences
transient changes in surface charges (electrons and holes, represented by
– and +). These electrons can then directly participate in the reduction of
Cr(VI) to Cr(III) (step 1) but they can also recombine with the holes (step 2).
Additionally, the holes and electrons can form the radicals (steps 3 and 4),
which can result in oxidation of Cr(III) (steps 5 and 6).
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Figure 5.20: Scheme showing the various steps employed to fabricate BFO NSs
and NWs using hydrothermal synthesis.

Encouraged from these results, we then explored the possibility of using
the magnetoelectric effect for the reduction of Cr(VI) and degradation of
organic pollutants, simultaneously. From this, we used a model organic
pollutant, methylene blue (MB) at a concentration of 4 mg L−1 and Cr(VI) at
a concentration of 25 ppm. Figure5.20 (a) presents the results obtained from
this study from where we can observe that the CFO@BFO NOs developed
in this study were not only able to reduce Cr(VI) but also simultaneously
oxidize and degrade MB. During the 180 min treatment cycle, the Cr(VI)
concentration gradually reduced by 76% with a k-value of k-value of 0.0077
min−1 . In contrast, almost 100% of MB dye was degraded within the
first 90 min at a k-value of 0.076 min−1 . These results show that in the
presence of MB dye, Cr(VI) reduction increased by 3.6 times, which can be
explained by the scavenging role played by MB. MB reacts with the reactive
species formed during the magnetoelectric catalytic degradation process,
namely the holes and the radicals (O2 •− and OH•) and gets degraded
into harmless products such as, water and carbon dioxide molecules in the
process. This also explains why a much higher (ten times) reaction rate
was obtained for MB dye degradation than for Cr(VI) reduction, which
solely relies on electrons to carry out the reaction. Figure5.20 (b) presents
the absorbance spectra obtained during the magnetoelectric-effect induced
catalytic treatment showing the gradually reducing absorbance peak at 540
nm, which belongs to the complex formed during the reaction of Cr(VI)
and 1,5-diphenylcarbazide, and at 670 nm , for MB dye. In order to observe
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changes in MB absorbance overtime, in this experiment, we used an elevated
MB concentration of 12 mg L−1 .
5.4.4

Summary

In this work, we have successfully fabricated core-shell magnetoelectric
CoFe2 O4 @BiFeO3 NOs and demonstrated their use for catalytic reduction
of Cr(VI). The magnetostrictive CFO NPs were fabricated using a hydrothermal approach, followed by a sol-gel method to form a BFO shell. The
magnetoelectric nature of the NOs was studied by the observed modulation of their piezoelectric response upon the application of magnetic fields.
Under AC magnetic fields, our NOs have been able to reduce Cr(VI) to
Cr(III) with an efficiency of 27% within 150 min (k-value of 0.0021 min−1 ).
To understand the mechanism behind this magnetoelectric effect-induced
reduction of heavy metals, we performed trapping experiments where scavengers for various reactive species were employed. Our results indicate that
electrons are mainly responsible for the reduction of Cr(VI). Additionally,
we observed that by scavenging holes, OH• radicals and singlet oxygen
molecules we can enhance the reaction efficiency. For instance by quenching
singlet oxygen 86% of Cr(VI) was reduced within 150 min with a k-value
of 0.0125 min−1 . When these reactive species were scavenged simultaneously, an even higher reaction efficiency was achieved. Furthermore, we
also demonstrated simultaneous reduction of Cr(VI) and degradation of
organic pollutant methylene blue. These results make our magnetoelectric
CFO@BFO NOs appealing environmental remediation agents, which can
be used simultaneously for reducing toxic heavy metals and degrading
harmful organic pollutants in a synergestic approach.
5.5

concluding remarks

In this chapter, a novel phenomenon was presented, where alternating
magnetic fields were shown to initiate as well as finely tune catalytic
degradation constants, via the magnetoelectric effect. Core-shell CFO@BFO
octahedral shaped nanoparticles were developed and extensively characterized to study the magnetoelectric coupling in these particles. Under
magnetic fields, magnetoelectric effect induced catalytic degradation of
organic pollutant, rhodamine B was achieved, along with degradation of a
cocktail containing five problematic pharmaceuticals, with enhanced levels
of efficiency. Furthermore, these nanoparticles were used to reduce toxic
155

Cr(VI) to harmless Cr(III) under alternating magnetic fields.
The results obtained in this work will open a new avenue to trigger AOP
based catalytic reactions, which have so far been initiated by using hydrogen
peroxide, ozone, light, and mechanical deformations. Alternating magnetic
fields provide the unique advantage of cleaning turbid and colored water,
which is a challenging to accomplish under photocatalysis, due to the
poor light absorption for such water quality. Furthermore, in Chapter 4
it was shown that BFO is a piezoelectric photocatalyst, and hence can be
used to initiate catalytic degradation reactions under visible-light as well
as mechanical deformations. Due to this unique property of BFO, in the
next chapter, CFO@BFO nanoparticles were activated for catalytic reactions
using magnetic fields, light, as well as mechanical deformations, to deliver
enhanced catalytic efficiency of this versatile water cleaning approach.
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6
M U LT I P L E S T I M U L I I N D U C E D O R G A N I C P O L L U TA N T
C ATA LY S I S

6.1

multi-stimuli activated catalysts for enhanced water
remediation

Contamination of our water bodies with toxic and carcinogenic industrial
chemicals and synthetic pigments is one of the most pressing global challenges that requires our immediate attention. Designing smart catalysts, that
can simultaneously utilize multiple energy sources, will have a significant
positive impact on the inefficiencies of conventional environmental remediation approaches, and as well as on addressing their high energy demands.
In this work, we have developed magnetoelectric photocatalysts that can
be simultaneously activated using multiple energy sources for degradation of organic pollutants. The catalysts are composed of CoFe2 O4 @BiFeO3
(CFO@BFO) nanooctahedrons (NOs), CFO@BFO nanocubes (NCs), and
CFO@BFO nanowires (NWs), and were successful in harnessing energy
from three different energy sources, including, UV-visible light, mechanical
vibrations, and magnetic fields. When these energy sources were used simultaneously, the reaction rates were elevated even further. The CFO@BFO
NOs displayed the most enhanced degradation, reaching 93%, 96%, and
99% degradation of RhB dye within 1 h, with reaction rates, klight =0.0445
min−1 , kus =0.0521 min−1 , and kmag =0.0765 min−1 , under light, ultrasounds,
and magnetic fields, respectively. These results will contribute significantly
in developing new environmental technologies that are highly versatile
in nature and can adapt to changing environments to deliver efficient
environmental remediation.
6.1.1

Introduction

In order to meet the needs of the rapidly growing population many efforts
have been carried out to increase the pace of industrialization. This has led
to an alarming increase in disposal of hazardous chemical wastes such as,
industrial chemicals, synthetic dyes, pharmaceuticals, pesticides, and herbicides into our surface waters. [67], [76] The presence of even trace amounts
157

of these organic pollutants in water is extremely harmful because of their
carcinogenic and mutagenic nature. Due to their high solubility and chemical stability, most of these organic pollutants easily escape conventional
water treatment methods and persist in the environment. Additionally,
these organic pollutants are non-biodegradable, remain bio-active for many
years, and tend to bio-accumulate in our food chain. [44], [237]
Advanced oxidation process (AOP) is one of the most promising approaches to degrade such toxic pollutants into harmless products by generating highly reactive oxygen species including hydroxyl and superoxide
radicals, in a cost-effective manner. [412]–[414] Among the various AOPs,
photocatalysis is one of the most researched approaches that relies on using light for degradation of organic pollutants. Under photocatalysis, a
semiconductor with a suitable bandgap absorbs light to form photogenerated electron-hole pairs. These electrons and holes can then migrate to
the surface of the photocatalyst and initiate redox reactions, resulting in
degradation of organic pollutants. [177], [248], [316] However, despite the
promising results obtained with photocatalysts, their implementation for
practical applications has been severely compromised by their inefficient
utilization of the solar spectrum, and their high electron-hole recombination rate, both of which ultimately lowers their efficiency. [204], [415] To
overcome these challenges, many investigations focused on chemically modifying the bandgap of photocatalytic materials have been conducted. [203],
[251]
Apart from use of light, generating localized electric fields directly on
the surface of a piezocatalyst has shown promising results in degrading
organic pollutants with enhanced performance due to the piezotronic effect. [291] When strained, changes are induced in the polarization state of
piezoelectric materials that form transient surface charges. This leads to
creation of an internal electric field which then facilitates separation of electric charges and promotes their migration towards the surface. [139], [254],
[301] Additionally, research has also been conducted on developing smart
materials that can utilize light as well as mechanical vibrations, simultaneously, for dual stimuli activated piezo-photocatalysis. This approach was
utilized to fabricate core-shell nanostructures, in which the core was composed of piezoelectric materials such as ZnO, BaTiO3 and NaNbO3 , while
the shell consisted of visible light photocatalysts including CuS, FeS and
AgO2 . [298], [320], [321] In addition to these core-shell piezo-photocatalysts,
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single-phase BiFeO3 , being a visible-light active piezoelectric material was
also investigated for efficiently utilizing both light and vibrational energy
for catalytic degradation of organic pollutants.
It was demonstrated in Chapter 5 that AC magnetic fields can be used
to initiate as well as fine tune catalytic degradation reactions by employing magnetoelectric nanoparticles. These nanoparticles were composed of
a magnetostrictive cobalt ferrite core and a piezoelectric bismuth ferrite
shell. Under application of AC magnetic fields, the magnetostrictive core
experiences dynamic strain, which is then transferred to the piezoelectric
shell. [60], [394], [395] This strain leads to formation of transient electric
charges on the surface of the piezoelectric material which can then be utilized for degradation of organic pollutants.
In this work, we have developed core-shell magnetoelectric photocatalysts that are capable of degrading organic pollutants by scavenging energy
from three different energy sources including, UV-visible light, ultrasounds,
and AC magnetic fields. Three types of core-shell nanostructures were
developed to study the influence of shape on their subsequent catalytic
degradation. These nanostructures were successful in harnessing energy
from all three energy sources to create surface charges for enhanced degradation of model organic pollutant, rhodamine B. The results from this
work highlight the advantage of developing nanomaterials that can sense
their environment and scavenge energy from multiple sources. This unique
property renders our nanocatalysts as highly versatile environmental remediation agents that can address a wide range of remediation challenges.
For instance, in real life applications, contaminated water mostly suffers
from poor light absorption due to its colored and murky nature. In such
applications, magnetic fields or mechanical vibrations can be employed
to activate the catalysts. Similarly, magnetic fields can be employed for
cleaning water in hard to reach trenches, where use of light or mechanical
vibrations can present severe obstacles.
6.1.2

Experimental Methods

Synthesis of CoFe2 O4 @BiFeO3 nanostructures CoFe2 O4 nanoctahedrons (NOs) were fabricated by a hydrothermal synthesis approach. For
the fabrication of CFO NOs 0.14 M hexadecyltrimethylammonium bromide
(CTAB), 0.092 M FeCl3 ·6H2 O and 0.046 M CoCl2 were dissolved in 40 mL
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DI water under continuous mechanical stirring. Next, 5 mL of a 6 M NaOH
solution was added to the above solution under vigorous mechanical stirring followed by ultrasound. Finally, the above solution was transferred
to a sealed, Teflon-lined steel autoclave and heated at 180 o C for 48 h. The
obtained black powder was washed with DI water and ethanol and dried
overnight at 80 o C.
CoFe2 O4 nanocubes (NCs) were fabricated by a similar hydrothermal synthesis as above. For the fabrication of CFO NCs, 0.07 M hexadecyltrimethylammonium bromide (CTAB), 0.092 M FeCl3 ·6H2 O and 0.046 M
CoCl2 were dissolved in 40 mL of DI water under continuous mechanical
stirring. Next, 3 mL of a 6 M NaOH solution was added to the above
solution under vigorous mechanical stirring followed by ultrasound. After
this, a procedure similar to fabrication of CFO NOs was followed.
CoFe2 O4 (CFO) nanowires (NWs) were fabricated by a similar hydrothermal synthesis as above. For the fabrication of CFO NWs, 0.092 M FeCl3 ·6H2 O
and 0.046 M CoCl2 were dissolved in 40 mL of DI water under continuous
mechanical stirring. To this solution 5 mL of polyethylene glycol (Mn 400)
was added at 60 o C and stirred for 30 min. 3 mL of a 6 M NaOH solution
was added to the above solution under vigorous mechanical stirring followed by ultrasound. Finally, the above solution was transferred to a sealed,
Teflon-lined steel autoclave and heated at 180 o C for 72 h. The obtained
black powder was washed with DI water and ethanol and dried overnight
at 80 o C.
Next, a precursor of BiFeO3 (BFO) was prepared by dissolving 0.011 M
Bi(NO3 )3 ·5H2 O and 0.01 M FeCl3 6H2 O in ethylene glycol. CoFe2 O4 @BiFeO3
core-shell nanostructures were prepared by dispersing 0.1 g of dried CFO
nanoparticles (NOs, NCs, and NWs) into 60 mL of the BFO precursor solution and sonicated for 2 h. This solution was then dried at 80 o C overnight,
followed by annealing the dried powder at 600 o C for 2 h at a heating ramp
rate of 10 o C min−1 .
Material characterization The morphology of the resulting CFO@BFO
nanostructures was investigated by transmission electron microscopy (TEM,
FEI F30, FEI Co., Hillsboro, OR), and scanning transmission electron microscopy (STEM, FEI F30). Distribution of elements along the nanoparticles
were studied by energy-dispersive X-ray (EDX) mapping using HAADF
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STEM (FEI Talos F200X). The crystallographic structure of the nanostructures was analyzed by X-ray diffraction on a Bruker AXS D8 Advance X-ray
diffractometer, equipped with a Cu target with a wavelength of 1.542. The
local crystallographic structure was studied by selected area electron diffraction (SAED). A UV-Vis diffuse reflectance spectra (DRS) was acquired by
a Cary 4000 UV-vis spectrophotometer. BaSO4 was used as the reflectance
standardPiezoresponse force microscopy (PFM) investigations were performed on a commercial atomic force microscope (NT-MDT Ntegra Prima).
Pt-coated Si probes, i.e. HA-FM01/Pt, were used, and the imaging contact
force set-points were carefully controlled. To perform PFM measurements
on a CFO@BFO NW, the nanowires were fixed by depositing carbon bands
on their two ends using focused ion beam (FIB). To acquire local piezoresponse loops, ac signals (V AC = 0.5 V) were superimposed on triangular
staircase wave with DC switching from −10 V to 10 V. To study change
in piezoelectric response of the sample under magnetic field, an in-plane
magnetic field of 1000 Oe was applied to the sample.
Multiphysics simulation of ME CFO@BFO NCs and NWs The simulations were implemented in the commercially available software COMSOL
Multiphysics based on similar examples from literature. [368], [372] The
physics of our COMSOL model used to describe the ME effect was divided
into magnetic fields, solid mechanics and electrostatics. Influences from
the surrounding medium on the induced electrical surface potential are
neglected and the relative permittivity and permeability is assumed to
be 1. For these simulations nanooctahedral CFO NCs with a diameter of
28 nm and a BFO shell with a thickness of 5 nm, and CFO NWs with a
diameter of 100 nm and a BFO shell with a thickness of 6 nm were selected
as input parameters. An epitaxially grown BFO shell on the CFO NC and
NW core’s [100] plane was considered and implemented accordingly in the
model. [373] The magnetic field strength was fixed at 15 mT and applied
on the boundaries of the medium along the global z-axis. Since the NCs
and NWs are free to move in the surrounding medium, it was assumed
that under magnetic field they align with the excitation field and hence,
magnetostriction along the easy axis was considered. COMSOL was used
to compute the magnetization gradients within the material by using the
applied magnetic field and its corresponding magnetization values from
the measured VSM hysteresis curve for CFO nanostructures. The internal
strain generated in a CFO NC and NW under magnetic fields was governed
by the following equation:
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λz

=

1.5 λs

Mz
Msat

(6.1)

where,λz is the strain along the z-axis, λs the magnetostriction parameter
(λs CFO= -273 ppm, (λs BFO=-0.002 ppm), Mz the magnetization along the
z-axis and Msat the saturation magnetization of the CFO core. [374], [375],
[416] The strain transfer from CFO core to the BFO shell was assumed to be
ideal. [368] This strain in the BFO shell is converted into electric polarization
on the surface of BFO. BFOs’ piezo-electric coupling and compliance matrix with R3c symmetry were derived from literature. [356], [372], [376], [377]
The remaining elastic and electric properties of the CFO core and BFO
shell were also determined from literature. [372], [378]–[382] The mechanical
boundary condition was set in the middle plane of the CFO core through
fixing the vertices. The electrical ground was applied on the boundaries of
the medium.
Catalytic performance measurement Experiments were performed to
study the degradation of RhB dye in the presence of our nanostructures
using light, ultrasounds, and AC magnetic fields. An RhB concentration of
num2 mg L−1 was chosen to perform degradation experiments. num20 mg
of CFO@BFO NPs were dispersed in 20 mL of RhB solution under constant
agitation, after the adsorption-desorption equilibrium was reached. For the
photocatalytic experiments, the samples were irradiated with UV-visible
light (300 nm < λ < 600 nm) using a 300 W Xenon lamp (Asahi Spectra, MAX303). For the piezo-catalytic measurements, samples were subjected to stress
using an ultrasonic source (VWR USC300DF, nominal power and frequency:
80 W, 132 kHz) and kept in a dark environment (to avoid photocatalytic
degradation). For the piezo-photocatalytic degradation experiments, the
above mentioned light source was used in combination with the ultrasonic
source. For magnetic field activated catalysis, the samples were kept in
dark and placed inside a custom-built magnetic set-up and subjected to AC
magnetic field strength of 15 mT at a frequency of 1.1 kHz. When light and
magnetic fields were used simulatanously, the samples were placed in the
custom-built magnetic set-up and subjected to AC magnetic field strength
of 15 mT at a frequency of 1.1 kHz in combination with the light source. A
UV-Vis spectrophotometer (Tecan Infinite 200 Pro) was used to obtain the
fluorescent spectra of RhB over time by taking aliquots of irradiated RhB
solution every 10 minutes for 60 minutes.
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Figure 6.1: Fabrication scheme and morphology of CFO@BFO NOs, NCs, and
NWs.

Trapping experiments To investigate the degradation pathways behind photo-, piezo-, and magnetoelectric effect-induced catalysis, we performed trapping experiments by using different scavengers. AgNO3 (2 mM),
ethylene diamine tetraacetic acid (EDTA, 2 mM), tert-butyl alcohol (TBA, 2
mM) and benzoquinone (BQ, 0.5 mM) solutions were prepared in a 2 µg
L−1 RhB solution. For the catalysis experiments, 2 mg of CFO@BFO NOs
were dispersed in 2 mL of RhB solution and placed inside the custom-built
magnetic set-up.
6.1.3

Results and Discussion

The magnetoelectric nanocatalysts used in this work consist of magnetostrictive cobalt (II) ferrite (CoFe2 O4 , CFO) cores coated with multiferroic bismuth (III) ferrite (BiFeO3 , BFO) shells. CFO nanostructures were fabricated
by a hydrothermal synthesis approach by carefully tuning the growth conditions to obtain single-crystalline and phase-pure nanooctahedrons (NOs),
nanocubes (NCs), and nanowires (NWs) (Figure 6.1). A co-precipitation
method was employed to form CFO NPs using optimal concentrations
of NaOH solution to form precipitates of iron and cobalt hydroxides as
described above. These mixtures were then sealed in autoclaves and placed
in an oven at an elevated temperature for hydrothermal treatment.
Hexadecyltrimethylammonium bromide (CTAB) was used as the surfactant to control the nucleation and shape of CFO NOs and NCs, whereas,
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Figure 6.2: TEM image showing several overlapping (a) CFO@BFO NOs, (b)
CFO@BFO NCs, and (c) CFO@BFO NWs (Scale bars: (a) 100 nm, (b)
40 nm, (c) 200 nm.)

polyethylene glycol’s (PEG) soft-templating effect was employed to form
CFO NWs. Core-shell magnetoelectric (ME) CFO@BFO nanostructures were
fabricated by coating the CFO NOs, NCs and NWs with a BFO precursor
via a sol-gel approach, which was followed by annealing these nanostructures to crystallize the BFO shell.
The core-shell CFO@BFO NOs and NCs fabricated in this study have an
average size of 40 nm and 28 nm, respectively (Figure 6.2 (a, b)). CFO@BFO
NWs have an average diameter between 150-300 nm and were about 5 µm
long (Figure 6.2 (c)).
The crystalline structure of the core-shell CFO@BFO nanostructures was
analyzed using XRD and TEM analysis. XRD patterns (Figure 6.3) showed
that the peaks for all core-shell nanostructures can be assigned to the pure
Fd3m structure of CoFe2 O4 (JCPDS No. 01-1121), indicating a cubic spinel
structure. In addition, they also possessed peaks that can be assigned to
the pure phase of BiFeO3 (JCPDS No. 71-2494), indicating a rhombohedral
perovskite structure with the space group R3c. Energy-dispersive X-ray
(EDX) mappings were performed on all three shapes of core-shell CFO@BFO
nanostructures and this analysis confirmed the presence of a shell composed
of bismuth, iron and oxygen around the cobalt ferrite core (Figures 6.4 (a-c)).
High-resolution TEM analysis was performed on CFO@BFO NWs and
is presented in Figure 6.5. Figure 6.5 (a) presents a TEM image showing a
core-shell CFO@BFO NW. (b) HRTEM image obtained from the BFO shell
region showing the interplanar d-spacing of 0.39 nm, that belongs to the
(012) crystal face of BFO and (c) HRTEM obtained from the center of the
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Figure 6.3: XRD patterns obtained for CFO@BFO NOs, NCs, and NWs.

wire showing the interplanar d-spacing of 0.48 nm that belongs to the (111)
crystal face of BFO.
The light absorption properties of all core-shell nanostructures (CFO@BFO
NOs, NCs and NWs) were investigated using UV-visible diffuse reflectance
spectra (DRS). From Figure 6.6 (a), we can observe that the CFO nanostructures absorb light strongly in both UV and visible light region, whereas,
BFO nanostructures absorb light strongly for λ < 500 nm. Additionally, all
CFO@BFO nanostructures absorb light strongly in both UV and as well
as the visible light region. The bandgaps of these nanostructures were
calculated using the Kubelka-Munc function(αhν)2 vs photon energy (hν)
for the direct bandgap semiconductor (Figure 6.6 (b)). The bandgaps for
CFO, BFO, core-shell NOs, NCs, and NWs were estimated to be 1.45 eV,
2.2 eV, 1.8 eV, 1.9 eV, and 2.1 eV, respectively, which are consistent with
literature. From these small bandgap values it can be clearly seen that all
core-shell nanostructures absorb light from a wider solar spectrum than
pure BFO nanostructures, and hence, can be used as photocatalysts under
UV-visible light.
The ferroelectricity and magnetoelectricity of a single core-shell NC
and NW was directly probed using piezoresponse force microscopy (PFM)
under an external magnetic field. A conductive cantilever tip was used in
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Figure 6.4: STEM images and the corresponding EDX maps obtained for
CFO@BFO (a) NOs, (b) NCs, and (c) NWs.

contact mode to apply an alternating voltage to the CFO@BFO NC and
CFO@BFO NW and induce piezoelectric surface oscillations, which were
sensed through the cantilever deflection. To investigate the ferroelectric and
magnetoelectric coupling effect in our CFO@BFO NCs and CFO@BFO NWs,
local piezoresponse hysteresis loops were obtained at random locations
of an NC and NW (Figures 6.7 (a, c)) by sweeping the applied DC bias,
while simultaneously measuring the phase and amplitude response. The
excitation voltage waveform was programmed to be a stepwise increasing
pulsed DC voltage that was superimposed on a small AC voltage. The
AC response signal was acquired only during the off-phase of the voltage
pulse sequence to minimize the possible interference caused by electrostatic
forces. From the phase loops presented in Figures 6.7 (a,c) it can be clearly
observed that for both CFO@BFO NCs and NWs, the BFO shell exhibits polarization reversibility both with and without the application of an external
magnetic field. Both piezoresponse phase loops are horizontally shifted, a
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Figure 6.5: (a)TEM image showing a CFO@BFO NW. (b) HRTEM image obtained
the BFO shell region showing the interplanar d-spacing of 0.39 nm,
that belongs to the (012) crystal face of BFO and (c) HRTEM obtained
from the middle of the wire showing the interplanar d-spacing of
0.48 nm that belongs to the (111) crystal face of BFO. (scale bars: (a)
50 nm, (b) 5 nm, (c) 10 nm).

trend that can also be observed from the amplitude curves with asymmetric
butterfly shape (Figure 6.7 (b, d)). This asymmetry in the loops can be
attributed to many factors, such as the imprint effect, internal bias fields
inside the materials, and/or due to a work function difference between the
top, Pt-coated Si probe and the bottom gold electrode.
The coercive voltages for the BFO shell measured for CFO@BFO NC
without magnetic field are -6.43 V and 2.75 V, respectively. When the magnetic field was applied, the coercive voltages changed to -5.69 V and 4.59 V,
respectively. This smaller coercive voltage obtained under magnetic field
indicates that the strain generated in the magnetostrictive CFO core was
effectively transferred to the shell, facilitating the polarization reversal process in BFO. This is an indirect evidence of strain mediated magnetoelectric
effect in the core-shell CFO@BFO NCs. The positive coercive voltage change
(1.84 V) is larger than the negative coercive voltage change (0.73 V). The
asymmetric change means that there is an offset of the center of the piezoresponse loop under the magnetic field, which is supposed to be caused by an
electric field generated by the magnetoelectric effect. The magnetoelectric
coupling coefficient is defined by Equation 6.2 as follows:
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Figure 6.6: (a) UV-Vis DRS spectra and (b) the corresponding Kubelka-Munc plot
obtained for CFO@BFO NOs, NCs, and NWs.

∆E
(6.2)
∆H
where ∆H is the change in magnetic field and ∆E is the change in the
electric field caused by the external magnetic field. For our CFO@BFO NCs,
the ∆E i.e. the offset of center of the loop upon application of magnetic field
can be estimated to be (1.84 – 0.73 V)/2/5 nm = 111 MV m−1 . Hence, the
local ME coefficient can be estimated as 11.1 × 105 mV cm−1 Oe−1 .
α

=

Similarly, for CFO@BFO NWs, the coercive voltages for the BFO shell
measured for CFO@BFO NW without magnetic field are -3.87 V and 2.24
V, respectively. When the magnetic field was applied, the coercive voltages
changed to -5.92 V and 2.65 V, respectively. The positive coercive voltage
change (0.41 V) is smaller than the negative coercive voltage change (2.05
V). The asymmetric change means that there is an offset of the center of
the piezoresponse loop under the magnetic field, which is supposed to be
caused by an electric field generated by the magnetoelectric effect. The ∆E
for CFO@BFO NWs can be estimated to be (2.05 – 0.41 V)/2/6 nm = 136
MV m−1 . Hence, the local ME coefficient can be estimated as 13.6 × 105 mV
cm−1 Oe−1 . These values obtained for CFO@BFO NCs and NWs are in the
same order of magnitude as those reported for some core-shell magnetoelectric nanostructures such as FeGa@P(VDF-TrFE), CoFe2 O4 @-PbZr0.52 Ti0.48 O3 ,
CoFe2 O4 @-BaTiO3 and CoFe2 O4 @-BiFeO3 which were evaluated by similar
methods.
In order to further investigate this magnetoelectric coupling observed
in our core-shell CFO@BFO NCs and NWs, we performed finite element
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Figure 6.7: Ferroelectric and magnetoelectric characterisation showing (a) amplitude response of a single core-shell NW obtained with and without magnetic field and (c) the corresponding phase response for
CFO@BFO NC. Similarl results for CFO@BFO NW are presented in
(c, d).

simulations on a single core-shell NC and NW under static magnetic fields.
Figure 6.8 (a) presents the strain distribution generated on the BFO shell
when the core-shell NC was placed in an external magnetic field of 15 mT.
From (Figure 6.8(b), we can observe the corresponding electric potential
gradient induced on the surface of the BFO shell, which is determined
by the magnetoelectric coupling and the compliance matrix of the BFO
shell. Similat analysis was performed for a single CFO@BFO NW and the
results of these simulations are presented in Figures 6.8(c, d). From these
simulations we can observe that, when subjected to external magnetic fields,
a CFO@BFO NC and NW can generate a local surface potential in the 10−7
V and 10−6 V range, respectively, which can be exploited to initiate certain
chemical reactions.
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Figure 6.8: COMSOL simulations performed on a CFO@BFO NC and NW under
a magnetic field of 15 mT showing strain (a) and displacement (c)
generated on the BFO shell due to constriction of the magnetostrictive
CFO core. (b, d) Present the corresponding electric potential induced
on the surface of the BFO shell for NC and NW.

Towards this effect, we used our core-shell nanostructures and some
controls (only CFO and only BFO nanostructures) to study their efficiency
on degrading model organic pollutant, rhodamine B (RhB) dye under the
stimuli of UV-visible light, ultrasounds, magnetic fields, and their combinations (Figure 6.9). From Figure 6.9 (a), it can be clearly observed that under
the influence of UV-visible light, all samples were able to gradually degrade
RhB dye over time. CFO sample showed the lowest photocatalytic degradation efficiency by degrading 30% of RhB in 1 h, which can be explained by
their small band-gap induced high electron-hole recombination rate. The
core-shell NOs, NCs, and NWs were able to degrade 93%, 81%, and 71%
of RhB dye within 1 h, respectively. Under ultrasonic stimulation, both the
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Figure 6.9: Catalytic degradation curves under (a) light, (b) ultrasounds, (c)
magnetic fields, (d) light and ultrasounds and (e) light and magnetic
fields.

control sample and the CFO sample display negligible response towards
RhB degradation (Figure 6.9 (b)). In contrast, the BFO sample and all the
core-shell samples were able to degrade over 70% of RhB piezocatalytically.
CFO@BFO NWs demonstrated the most improved degradation efficiency
under ultrasounds by degrading 93% of RhB piezocatalytically, while under
photocatalysis only 71% of RhB was degraded by CFO@BFO NWs. When
magnetic fields were employed, all core-shell nanostructures degraded over
82% of RhB dye within 1 h, with the NO sample degrading 99% of RhB
(Figure 6.9 (c)). In contrast, multiferroic BFO sample could only degrade
20% of RhB dye due to its weak magnetoelectric coupling. When the stimuli
of light and ultrasounds or light and magnetic fields were used simultaneously the degradation efficiency further improved. For instance, CFO@BFO
NOs degraded 96% (under light and ultrasounds) and 98% (under light
and magnetic fields) of RhB in 30 min (Figures 6.9 (d, e)).
A quantitative analysis of these degradation rates is given by comparing
their reaction rate constant k, which can be defined by Equation 6.3:
ln

C
= −kt
C0

(6.3)
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Figure 6.10: Comparison of reaction rate constants obtained for BFO, CFO@BFO
NOs, NCs, and NWs under light, ultrasounds, magnetic fields, and
their combinations.

where k is the reaction rate constant, Co is the initial RhB concentration, and C is the RhB concentration at a given time t. This calculation
is based on the assumption that the kinetics of RhB degradation reaction
catalyzed by the BFO and CFO@BFO nanostructures are pseudo-first-order
reactions. These results are summarized in Figure 6.10, from where we
can observe that BFO samples displayed the lowest catalytic degradation
rates for all three stimuli, hence, justifying the need to functionalize it
to improve its catalytic properties. Under the stimuli of light, CFO@BFO
NOs displayed the highest RhB degradation rate, followed by NCs, and
then NWs. These results can be well explained by the bandgap values that
were presented in Figure 6.6 (b) according to which NOs possessed the
smallest bandgap value of 1.8 eV, in comparison to NCs (1.9 eV) and NWs
(2.1 eV), and hence displayed the strongest photocatalysis. Under the stimuli of ultrasound, both NOs and NWs displayed enhanced piezocatalytic
degradation rates (k-value of 0.052 min−1 and 0.042 min−1 , respectively), in
comparison to NCs (k-value of 0.023 min−1 ). These results can be explained
by the fact that under mechanical vibrations, non-symmetric NOs, and
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high aspect ratio NWs, experience a greater strain and, hence, generate
a higher strain-induced voltage in comparison to the highly symmetric
CFO@BFO NCs. When AC magnetic fields were used, NOs demonstrated
the highest catalytic degradation rate of 0.0765 min−1 . This result can be
explained on the basis of the COMSOL simulations performed for these
three shapes (Figures 5.7(c, d) and 6.8), according to which the maximum
magnetoelectrically-induced surface potential generated on the NOs and
NWs is in the µm V range, whereas for the NCs this potential is an order
of magnitude smaller. According to these simulations, under application of
magnetic fields, the NWs generated the highest surface potential, however
due to NOs smaller surface area, the CFO@BFO NO sample displayed the
highest magnetoelectric catalytic degradation rate.
On the basis of this extensive study we can conclude that the core-shell
NOs displayed the most enhanced catalytic degradation performance for
all stimuli, reaching k-values of 0.0445 min−1 , 0.0521 min−1 , and 0.0765
min−1 for light (klight ), ultrasound (kus ), and magnetic fields (kmag ). From
these values we can additionally observe that under piezocatalysis, the
NOs demonstrated higher reaction rates than under photocatalysis, which
can be explained by the piezotronic effect that modulates the electrical
transporting property at the BFO-electrolyte heterojunction using BFO’s
internal electric bias. This acts as a driving force for separating the transient
positive and negative surface charges generated under piezocatalysis and,
thus, enhances the performance of photochemical reactivity of BFO. These
surface charges are locally confined, allowing for the chemical reactions to
degrade the dye molecules. Under magnetic fields, the catalytic degradation
performance of NOs was even more enhanced than under piezocatalysis.
This can be attributed to the elevated rate of surface charge generation due
to an enhanced magnetoelectric coupling in the core-shell CFO@BFO NOs,
as well as to the presence of multiferroic BFO. Additionally, presence of
the piezotronic effect in these core-shell structures forces separation of the
surface charges and hence, increases their lifetime.
From Figure 6.10 it can be further observed that when more than one
energy source was utilized simultaneously, the degradation rate increased
for all three core-shell shapes. For instance, when both light and magnetic
fields were used simultaneously, (klight+us ), the k-values increased by 2.3
times in comparison to when only light was used, and by a factor of 1.9 in
comparison to when only ultrasound was employed. This increase in reac173

Figure 6.11: (a) Trapping experiments performed to study catalytic degradation
curves obtained for RhB under (a) light, (b) ultrasounds, and (c) AC
magnetic fields. (d) Comparison of the correspnding degradation
rate constants.

tion rate offered by piezo-photocatalysis can be explained by an increase in
the electron-hole pair formation activity because of a higher energy input
available under the dual stimuli. Similarly, when light and magnetic fields
were used simultaneously (klight+mag ), the k-values increased in comparison
to when only light and magnetic fields were employed. From these findings
it’s clear that catalytic degradation efficiency is highly dependent, not only
on the shape of the catalyst, but also on the stimuli employed to activate
the catalytic material. Additionally, we demonstrated the possibility of
enhancing the catalytic degradation efficiency even further by combining
stimuli together.
To elucidate the possible RhB degradation pathway offered by our coreshell structures, we used CFO@BFO NO samples and performed trapping
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experiments of the prominent reactive species that are responsible for decomposition of organic pollutants. For this, degradation of RhB dye was
carried out under UV-visible light, ultrasounds, and AC magnetic field in
the presence of CFO@BFO NOs and scavengers of different reactive species.
It can be seen from Figure 6.11 (a) that the photocatalytic degradation
efficiency increases with the addition of AgNO3 (an electron scavenger) and
ethylene diamine tetraacetic acid (EDTA). This is probably caused by the
increased life time of negative and positive surface charges (electrons and
holes, respectively) due to their consumption, or caused by deposition of
silver nanoparticles. When benzoquinone (BQ) (a superoxide radical O2 •−
scavenger) and tert-butyl alcohol (TBA) (a hydroxyl radical OH• scavenger)
were added, the photodegradation of RhB decreased. These results reveal
that the predominant reactive species for photocatalytic degradation of
RhB by CFO@BFO NOs were the radicals. Trapping experiments were also
performed to determine the main reactive species behind the piezocatalytic
mechanism (Figure 6.11 (b)). The addition of AgNO3 (electron scavenger)
led to a slightly improved reaction rate, which is probably caused by reasons similar to the ones observed for the photocatalytic experiments (i.e.
extended lifetime of holes or silver nanoparticle enhanced catalytic activity).
However, when EDTA (hole scavenger) was added, a slight suppression of
RhB degradation was observed, which indicates that holes play an important role in piezocatalytic degradation of RhB. The trapping of OH• and
O2 •− radicals led to a severe retardation in RhB degradation rate, especially
when the OH• radicals were quenched. Trapping experiments performed
under magnetoelectric-effect induced catalysis showed similar degradation
trends as the piezocatalysis, where the radicals were the dominant species
responsible for RhB degradation (Figure 6.11 (c)).
Figure 6.11 (d)) provides the k-values for the four reactive species under
the stimuli of light, ultrasounds, and magnetic fields. From this plot it is
clear that addition of AgNO3 leads to improvement in catalytic degradation of RhB for all three stimuli. Trapping of holes resulted in a 1.6 times
and 2.2 times lowered piezocatalytic and magnetoelectric-catalytic degradation rate, respectively. These results are in contrast to the ones obtained
under photocatalytic degradation, where trapping holes resulted in an
enhanced degradation, caused by suppression of electron-hole recombination. This result can be explained by the fact that under photocatalysis and
magnetoelectric-catalysis, BFO’s internal piezoelectric field facilitates separation of electric charge carriers and their migration towards the surface,
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Figure 6.12: Catalytic degradation scheme of CFO@BFO NOs, NCs, and NWs
under light, ultrasounds, and magnetic fields.

thus, increasing the probability of initiating the redox reactions. Hence,
under these catalytic mechanisms, quenching holes has a negative impact
on reaction efficiency due to the important role played by the holes whereby,
they either directly degrade organics or create OH• radicals. When radicals
were quenched, the degradation efficiency dropped drastically for all three
stimuli. For instance when OH• radicals were scavenged the reaction rate
constants for light, ultrasounds and magnetic fields decreased by 6.4, 18
and 14 times, respectively, with klight =0.0112 min−1 , kus =0.0029 min−1 , and
kmag =0.0054 min−1 . Hence, from these experiments we can conclude that
the radicals play a dominant role towards degradation of RhB using all
three stimuli.
On the basis of the above trapping experiments, we propose the following steps involved in the degradation of RhB dye by reactive species such
as e− , h+ , OH• and O2 •− .
CFO@BFO + hν or US or agnetic f ields
e− + O2
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→

→

CFO@BFO(e− + h+ ) (6.4)

O2 •−

(6.5)

h+ + H2 O
h+ + RhB

→

→

•OH

(6.6)

Degradation products

(6.7)

• OH + RhB

→

Degradation products

(6.8)

O2 •− + RhB

→

Degradation products

(6.9)

Figure 6.12 presents the scheme for our catalytic reduction process,
where, under the influence of light, ultrasounds, and AC magnetic fields,
core-shell CFO@BFO NOs, NCs and NWs, experience transient changes in
surface charges (electrons and holes, represented by e− and h+ ) (Equation
6.4). These electrons and holes then react with oxygen and water to form
O2 •− and OH• radicals, respectively (Equations 6.5 and 6.6). These radicals
and holes can then react with organic pollutants in their surroundings to
degrade them into harmless products such as water and carbon dioxide
molecules (Equations 6.7-6.9).
6.1.4

Summary

In this work, we have successfully fabricated three types of core-shell magnetoelectric CoFe2 O4 @BiFeO3 nanostructures, i.e. CFO@BFO nanooctahedrons (NOs), nanocubes (NCs), and nanowires (NWs). These nanostructures
were used towards catalytic degradation of organic compound, RhB, under
the stimuli of light, ultrasounds, and AC magnetic fields. In a two-step
process, magnetostrictive CFO NOs, NCs, and NWs were fabricated by
carefully tuning the hydrothermal synthesis parameters, followed by a
sol-gel method to form a BFO shell. Analysis of the optical properties of
the core-shell particles showed that they absorbed light strongly in the
UV-visible region. The magnetoelectric nature of the core-shell nanostructures was analyzed by piezo-force microscopy where we clearly observed
modulations in their piezoelectric response upon the application of magnetic fields. Such findings are consistent with our theoretical modeling
of strain mediated magnetoelectric effect in core-shell nanostructures. All
three shapes of the core-shell nanoparticles were capable of harnessing energy from UV-visible light, ultrasounds, and magnetic fields for successful
degradation of RhB pollutant. Additionally, when these stimuli were used
simultaneously, the catalytic degradation rates further improved. From our
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findings, CFO NOs displayed the most enhanced catalytic degradation
efficiency and were capable of degrading 93%, 96%, and 99% of RhB dye
within 1 h, by using light, ultrasounds and magnetic fields, respectively.
To understand the mechanism behind photo-, piezo-, and magnetoelectric
catalysis, we performed trapping experiments using scavengers for each of
the reactive species. Our results indicate that OH• and O2 •− radicals are
the main reactive species for catalytic degradation of organic compounds
under all three stimuli.
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7
CONCLUSIONS & FUTURE PERSPECTIVES

Increasing human population, and rapid technological advancement, have
resulted in an exponential growth in industrialization, in order to meet
our modern society’s growing demands. Due to these factors, we are witnessing alarming levels of environmental pollution. Our water resources in
particular, have suffered from severe contamination with various organic
contaminants such as insecticides and herbicides, pharmaceuticals, estrogens, synthetic dyes, and heavy metals. Unfortunately, due to their high
stability, most of these pollutants escape conventional wastewater treatment
processes and persist in the environment. Consequently, there is an everincreasing need to develop efficient, cost-effective, and green techniques for
water purification. Heterogeneous advanced oxidation process (AOP) is one
of the most promising approach to degrade toxic organic pollutants into
harmless by-products, by employing smart catalytic materials. So far, this
promising approach has faced many limitations to its practical application,
such as use of expensive catalysts, requirement of toxic chemicals to initiate
the reactions, low cleaning efficiency, poor utilization of energy and high
operational costs. In this work, a cost and energy efficient solution towards
degradation of organic contaminants and heavy metals, was developed by
employing clean energy sources.
7.1

conclusions

UV-visible light active, micro- and nanostructures were fabricated to create
highly efficient photocatalysts for degradation of a variety of synthetic
dyes. Conventional type-II heterojunction photocatalysts composed of photocatalytic Bi2 O3 -BiOCl and a ferromagnetic CoNi segment were electrodeposited inside cavities of photoresist to fabricate porous micropillars and
microhelices. These structures were able to degrade 90% of organic pollutant, RhB, in 6 h under UV-visible light. Additionally, these magnetic
photocatalysts could be propelled and collected using wireless magnetic
fields. Next, core-shell TiO2 @PtPd@Ni nanotubular photocatalysts were
developed, which were able to degrade 100% of RhB dye in 50 and 30 min,
under UV-visible and natural sunlight, respectively. The unique design
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of these structures provided the opportunity to propel them using magnetic fields and ultrasounds, additionally, they also displayed autonomous
motion in presence of hydrogen peroxide. Next, bio-templated, core-shell
Fe3 O4 @TiO2 microhelices for UV-visible light driven photocatalytic water
remediation were developed. These microstructures degraded 97% of RhB
within 75 mins under UV-visible light source, and by 100% under natural sunlight (within 50 min). Additionally, photocatalytic degradation of
organic pollutants was also performed under continuous magnetic propulsion of these microhelices. From this study, a clear relationship between the
microrobots swimming characteristic and the resulting cleaning efficiency
was established. These results were further corroborated by performing
COMSOL Multiphysics simulations.
In the next chapter, role of piezocatalysis was explored to initiate catalytic degradation of organic pollutants under mechanical deformations.
Here, single-phase, BiFeO3 nanosheets and nanowires were fabricated using hydrothermal synthesis. These nanostructures exhibited promising
photocatalytic as well as piezocatalytic properties for water remediation.
Catalytic degradation of organic pollutants were studied using light, mechanical deformations, as well as their combination. In comparison to
photocatalysis, piezocatalysis demonstrated enhanced cleaning efficiency,
due to the internal piezoelectric field induced bias, and its influence on suppressing electron-hole recombination rate. Additionally, trapping expires
were performed to understand the degradation mechanism behind photoand piezocatalytic stimuli. From this study, holes and OH• radicals were
demonstrated to be the main reactive species.
In the next chapter, role of magnetoelectric effect-induced catalysis
was explored to initiate catalytic degradation of organic pollutants under alternating magnetic fields. In this study, core-shell magnetoelectric
CoFe2 O4 -BiFeO3 (CFO@BFO) nanoparticles were developed. In a two-step
process, magnetostrictive CFO NPs were fabricated using a hydrothermal
approach, followed by a sol-gel method to form a BFO shell. The magnetoelectric nature of these nanoparticles was investigated using piezo force
microscopy, and theoretical modeling of strain mediated magnetoelectric
effect. Under alternating magnetic fields, these nanoparticles degraded,
RhB with an efficiency of 97% (within 50 min) and, a cocktail comprising
of routinely used pharmaceuticals, with an efficiency of over 85%. Trapping experiments revealed that O2 •− and OH• radicals were the main
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reactive species in the magnetoelectrically induced catalytic degradation
of organic compounds. This system was then used to study reduction
of toxic heavy metal, hexavalent chromium (Cr(VI)) to harmless trivalent
chromium (Cr(III)). In this study, Cr(VI) was successfully reduced to Cr(III)
with an efficiency of 27% by using these core-shell magnetoelectric particles
under alternating magnetic fields. Furthermore, simultaneous reduction
of Cr(VI) and degradation of organic pollutant methylene blue was also
demonstrated in a synergistic approach.
In the next chapter, three types of core-shell magnetoelectric CoFe2 O4 BiFeO3 nanostructures, i.e. CFO@BFO nanooctahedrons (NOs), nanocubes
(NCs), and nanowires (NWs), were fabricated. These three types of coreshell nanostructures were developed to study the influence of shape on
the subsequent catalytic degradation of organic compound, RhB, under the
stimuli of light, ultrasounds, and AC magnetic fields. All three shapes of
the core-shell nanoparticles were capable of harnessing energy from UVvisible light, ultrasounds, and magnetic fields for successful degradation of
RhB pollutant. Additionally, when these stimuli were used simultaneously,
the catalytic degradation rates further improved. In this study, CFO@BFO
NOs displayed the most enhanced catalytic degradation efficiency and
were capable of degrading 93%, 96%, and 99% of RhB dye within 1 h,
by using light, ultrasounds and magnetic fields, respectively. Hence, the
nanocatalysts developed in this work were activated using three different
energy sources, making them highly versatile environmental remediation
agents that can address a wide range of remediation challenges, in different
environments.
7.2

future perspectives

The core-shell CoFe2 O4 @BiFeO3 nanoparticles developed in this thesis can
create a real positive impact by providing a novel strategy to degrade a
variety of organic pollutants from contaminated wastewater. In order to
use these novel nanoparticles towards practical water purification applications, they were embedded in cellulose membranes, where they were
self-assembled to form highly inter-connected and porous networks. By
integrating these core-shell nanoparticles within this 3D porous membrane,
it was possible to wirelessly generate electric charges on the membranes’
surface by subjecting it to either alternating magnetic fields, mechanical
stress, or visible light, or their combination. Electric charges on the sur181

Figure 7.1: (a) Schematic showing the process involved in degradation of organic
pollutants using the magnetoelectric membranes under three energy
sources. (b) Optical image of a magnetoelectric membrane, composed
of CoFe2 O4 -BiFeO3 nanoparticles and cellulose, where (c) presents
its magnified SEM image showing a micro-porous cellulose structure
embedded with the nanoparticles (inset). (d) Prototype of a water
purification reactor integrated with the magnetoelectric membranes
and operated under magnetic fields, mechanical vibrations and light.
(e) Degradation results of an organic pollutant, rhodamine B, under
different energy sources and their combinations.

face of the magnetoelectric membranes can then undergo a series of redox
reactions and generate high doses of radicals for efficient degradation of
any organic pollutant into less harmful products. Hence, the photoactive
and magnetoelectric membranes developed in this project can be integrated
into next-level water purification reactors to deliver advanced wastewater
purification. Some of the preliminary results obtained using these porous
membranes are presented in the Figure 7.1.
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Motile Piezoelectric Nanoeels for Targeted Drug Delivery
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Tim Grunow, Nino Läubli, Antoine Ferreira, Xiang-Zhong Chen,* Bradley J. Nelson,
and Salvador Pané
and sensing capabilities.[5] Additionally,
these units should be analogous to biological matter regarding their mechanical
and physicochemical characteristics.[6] To
this end, the community of small-scale
robotics is currently directing efforts
toward the incorporation of stimuliresponsive soft materials in micro- and
nanorobotic platforms.[7] However, as the
scale of the device becomes smaller, the
on-board integration of multiple functional components becomes challenging,
especially with regards to their fabrication
and manipulation.[8]
To build micro- and nanomachines
with manifold capabilities, the manufacturing process is key.[9] Coaxial lithography
(COAL) is a promising strategy to fabricate small-scale machines with multiple
functional building blocks. This method
is a bottom-up fabrication approach that
exploits nanoporous templates and consists of forming coaxial nanostructures
composed of several materials within the pores of a template.[10]
Using an optimized sequence of growth and selective etching,
complex multifunctional devices can be synthesized.[11] While
the manufacturing process is essential to create multifunctional
micro- and nanorobots, the integration of materials with more
than a single function is critical for minimizing the number of
fabrication steps. Additionally, these multifunctional components should be able to sense and react to changing external
stimuli.
In this study, we propose multifunctional piezoelectric tailed
nanorobots, which we refer to as nanoeels, as they mimic the
electric eel, a knifefish with an elongated cylindrical body that
is able to generate electricity for paralyzing or killing its preys.
This nanorobot is constructed by COAL and consists of a smart
flexible tail made of a polyvinylidene fluoride (PVDF)-based
copolymer linked to a polypyrrole (Ppy) nanowire (NW) head,
which is decorated with nickel (Ni) rings for magnetic actuation. PVDF is a ferroelectric material that exhibits spontaneous
electric polarization under strain.[12] When applying alternating
magnetic fields, the magnetic head module (Ni-Ppy) oscillates
and, subsequently, causes the ferroelectric tail to flex and generate changes in its electric polarization due to the piezoelectric
effect. In this investigation, we exploit the magnetically induced
piezoelectric effect to electrostatically desorb therapeutic payloads that have been functionalized on the surface of the PVDF
tail. We also show that the release of cargo strongly depends
on the strength and frequency of the applied magnetic field. In

The field of small-scale robotics is undergoing a paradigm shift toward the
use of soft smart materials. The integration of soft smart components in
micro- and nanorobotic platforms not only allows for more sophisticated
locomotion mechanisms, but also more closely mimicks the functioning of
biological systems. A soft hybrid nanorobot that mimics an electric eel, a
knifefish with an elongated cylindrical body that is able to generate electricity
during its motion, is presented here. These nanoeels consist of a flexible
piezoelectric tail composed of a polyvinylidene fluoride–based copolymer,
linked to a polypyrrole nanowire, which is decorated with nickel rings for
magnetic actuation. Upon the application of rotating magnetic fields, the
piezoelectric soft tail is deformed causing changes in its electric polarization.
Capitalizing on this magnetically coupled piezoelectric effect, electrostatically
enhanced on-demand release of therapeutic cargo loaded on the surface of
the piezoelectric tail is demonstrated. It is also shown that this approach
allows for a pulsatile release of payloads. Interestingly, the driving magnetic
parameters can be selected to provide the nanoeel with translational motion
or to control the discharge kinetics of the drug.

1. Introduction
Motile microorganisms are a source of inspiration for the
development of mobile and small-scale robots.[1] Common biological swimming strategies at the microscale and below consist of rotating a chiral arm or waving an elastic tail.[2] Other
microorganisms rely on friction to achieve crawling or rolling
on surfaces.[3] By mimicking these biological locomotion features, researchers have successfully engineered several types
of micro- and nanomachines.[4] However, to move further
toward the level of complexity of microorganisms, small robots
require the integration of functional modules with actuation
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order to detach the molecules from the PVDF surface, a significant change on the electric polarization is crucial. Pulsatile
release of therapeutic cargo is also demonstrated by switching
the magnetic field on and off.
The flexible tail also serves as a propeller for the device,
where rotating magnetic fields provide the nanoeel with
translational motion. In summary, by appropriately tuning
the magnetic parameters, we can effectively select between
propulsion or drug release from our proposed nanodevices.
These results show that, by efficiently combining hard and soft
materials at the nanoscale, we are able to design biologically
inspired nanodevices for future biomedical applications.

2. Results and Discussion
Hybrid nanoeels were fabricated by means of the COAL technique
using commercially available anodized aluminum oxide (AAO)
membranes. The fabrication sequence is schematically depicted
in Figure 1. First, a sacrificial Au plug layer was electrodeposited
inside the AAO template to avoid leakage of electrolyte in the
subsequent fabrication steps. Next, electrodeposition of 8 µm
long PPy NWs was performed. Subsequently, a radial contraction

of the electropolymerized PPy NWs within the AAO pores was
induced under vacuum, followed by a pore-widening procedure
of the template using a diluted NaOH solution.[10a] These two
steps introduce free spaces between the PPy NWs and the walls
of AAO pores, allowing for the subsequent electrodeposition of
Ni/Au nanoring segments around the PPy NWs (Figures S1 and
S2, Supporting Information). Next, the template pores were filled
with a solution containing PVDF-based copolymers by means
of vacuum infiltration (Figure S3, Supporting Information),
followed by drying and annealing the template to form NWs.
P(VDF-TrFE) solution was used to fabricate piezoelectric NWs.
As a control, poly(vinylidene fluoride-co-hexafluoropropylene,
P(VDF-HFP) solution was used to fabricate non-piezoelectric
PVDF NWs. After the desired nanoarchitecture was achieved, wet
etching of the AAO template was performed to release the hybrid
NWs, followed by wet etching of the Au nanorings.
Figure 2a,b and Figure S4 in the Supporting Information
present the scanning electron microscopy (SEM) images from
freestanding 3-ring, core–shell NWs after deposition of three
segments of Ni/Au nanorings around the PPy NWs. From
Figure 2c, we can clearly observe Ni nanorings grown around
freestanding PPy NWs after wet etching of Au nanorings.
Figure 2d and Figures S5, S6 in the Supporting Information

Figure 1. Scheme showing the various steps involved in fabrication of nanoeels. a) Au sputtering and electrodeposition of Au plug layer in an AAO
membrane, b) electrodeposition of Ppy NWs, followed by c) their dehydration and the pore widening of AAO template to allow for d) sequential
electrodeposition of Ni and Au nanoring segments. e) Vacuum infiltration to form PVDF NWs, and RIE etching. Wet etching of f) AAO template and
g) etching of gold nanoring segments to obtain released hybrid nanoeels.
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Figure 2. Characterisation of hybrid nanoeels. a) SEM image showing
alternating Ni–Au nanoring segments grown around PPy NWs and b) presents their magnified SEM image. c) SEM image showing free-standing
core–shell Ni nanorings around PPy NWs obtained after etching of Au segments. d) SEM image showing the hybrid NWs. e) STEM image showing
hybrid NWs and their corresponding EDX maps where the presence of
N and F can be attributed to the PPy and PVDF segments exclusively.
The superimposed EDX map clearly shows the presence of Ni nanorings grown around the Ppy NWs, connected to PVDF NWs. Scalebar in
Figure 2a: 4μm, in Figure 2b: 0.5μm, in Figure 2c–e: 2 μm.

present the final architecture of nanoeels consisting of Ni
nanorings around the PPy heads linked to PVDF nanotails.
This technique offers a wide flexibility for fabricating hybrid
nanoarchitectures with different configurations, as shown in
Figure S7 in the Supporting Information. Figure 2e presents
the scanning transmission electron microscopy (STEM) image
of overlapping nanoeels. From the corresponding energydispersive X-ray analysis (EDX) mappings obtained, we can
clearly see the elementary distribution of Ni, N, and F corresponding to the Ni nanorings, PPy, and PVDF NWs, respectively. X-ray diffraction (XRD) analysis was also performed
to confirm that our piezoelectric nanoeels (PVDF-TrFE) are
composed of α-PVDF whereas the PVDF-HFP NWs are
composed of the non-piezoelectric, β-PVDF (Figure S8,
Supporting Information).
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Magnetic manipulation experiments were conducted in a
specially designed setup with eight stationary electromagnets
positioned above a poly(dimethyl) siloxane (PDMS) chamber
filled with a suspension of nanoeels.[11,13] Magnetic fields of
5, 10, and 15 mT and rotational frequencies between 1 and
16 Hz were used to study the swimming characteristics of
the nanoeels. Average translation velocities achieved by the
nanoeels are provided in Figure S9 and Table S1 in the Supporting Information. From the time-lapse images provided in
Figure 3a–c, it can be observed that by changing the external
magnetic fields, the nanoeels displayed three different swimming modes. At low magnetic fields and rotational frequencies, the nanoeels display a tumbling or “surface-walking”
motion (Figure 3a and Video S1, Supporting Information).
This tumbling motion transitioned into a wobbling motion at
intermediate fields and frequencies. Figure 3b and Video S2
in the Supporting Information present a time-lapse image of
a wobbling nanoeel, which displays a low translation speed of
≈0.9 µm s−1 with the nanoeel tail oscillating 13 times every
second. We denote the tail oscillation frequency of the nanoeel
as Ft, (which is different from the magnetic field frequency), in
this case Ft = 13 Hz. Interestingly, at high magnetic fields of
15 mT and rotational frequencies above 11 Hz, the nanoeels
display a corkscrew locomotion mechanism, enabling them to
propel in 3D. At 15 mT and a rotational frequency of 11 Hz,
the nanoeel swims at higher velocities of ≈5.5 µm s−1 and a low
Ft = 1 Hz (Figure 3c and Video S3, Supporting Information).
Furthermore, Figure 3d and Video S4 in the Supporting Information show the ability of the nanoeels to be steered along
a predefined trajectory. Figure 3e and Video S5 in the Supporting Information display a time-lapse image of a nanoeel
that switches from a tumbling motion to a wobbling motion
by simply changing the external magnetic fields. These results
show that our hybrid nanoeels can be easily maneuvered in
3D, and their various swimming behaviors can be exploited for
developing an efficient and controlled drug delivery platform
with adaptability features.
In order to serve as efficient therapeutic vehicles, it is imperative that besides displaying controlled actuation, the nanoeels
also exhibit a controllable mechanism to perform the release of
drug.[12a,14] To ensure their use as potential drug delivery vehicles, we first verified the biocompatibility of our nanoeels. From
the MTT assay, it was confirmed that the hybrid nanoeels were
biocompatible up to a concentration of 100 ppm (Figure S1,
Supporting Information).
In the next step, the nanoeels were pretreated with
polydopamine (PDA) to introduce a large number of amine
and hydroxyl groups on their surface in order to promote the
adsorption of drug molecules.[15] The PDA-treated nanoeels
were functionalized with rhodamine-B (RhB), a common
model molecule used in many drug delivery applications, and
magnetically actuated to activate the on-demand drug release
(Figure 4a). For the drug delivery experiments, we selected a
magnetic field and a frequency of 10 mT and 11 Hz, respectively,
for swimming to a target location, as under these conditions
the nanoeel experiences a small tail oscillation frequency (Ft =
1 Hz), which should result in a lower drug release as a small
strain is generated on the tail. For drug release, the magnetic
field parameters of 10 mT and 7 Hz were selected, as under
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Figure 3. Characterisation of swimming behavior of the hybrid nanoeels. Time-lapse images provided for a) tumbling or surface-walking (5 mT, 1 Hz),
b) wobbling (10 mT, 7 Hz, Ft = 13 Hz) and c) the corkscrewing motion (15 mT and 11 Hz, Ft = 1 Hz). d) Time-lapse image showing a hybrid nanoeel
performing a controlled motion on a predefined trajectory. e) Time-lapse image showing a single hybrid nanoeel transition from a surface-walking
swimming mode to a wobbling motion upon changing the parameters of magnetic fields. All scale bars: 15 µm.

these conditions the nanoeels exhibited low translational velo
cities (≈0.91 µm s−1), which will ensure that the NWs remain
closer to the target location. Additionally, under these conditions, the nanoeels experience a high tail oscillation frequency
(Ft = 13 Hz), which will ensure generation of higher strains
in the PVDF tails and, subsequently, enhanced drug release
from the tail surface. Figure 4b presents the plots of cumulative release of RhB from the non-piezoelectric P(VDF-HFP)
hybrid NWs and piezoelectric P(VDF-TrFE) nanoeels under
magnetic fields of 10 mT and 7 Hz. From the plot in Figure 4b,
we can observe that for both samples the amount of drug
released increases over time. The piezoelectric P(VDF-TrFE)
samples released three times more RhB (1.3 µm) than the
non-piezoelectric P(VDF-HFP) (0.42 µm) NWs. This increase
can be attributed to the piezoelectric nature of P(VDF-TrFE),
whereby, under actuation, strain-mediated transient changes
in polarization of PVDF were induced in the piezoelectric tails.
As a result, an electrostatic repulsion was induced between
the RhB molecules and PDA, leading to an enhanced release
of drug. Some of the previous works published in this area
confirm our results and provide further insights into the
piezoelectric effect–based drug release mechanism.[12a,16]
According to these publications, when a surface functionalized with drugs undergoes generation of an electric potential,
either the bonds of the drugs functionalized to the surface are
weakened or the drug molecules are simply discharged due
to the electrostatic repulsion. We also confirmed the ability
of our nanoeels to release drugs on-demand by measuring
the amount of RhB released with and without magnetic fields
(Mon and Moff, respectively).
Adv. Funct. Mater. 2019, 29, 1808135

From Figure 4c, we can observe that, as expected, the magnetic actuation did not exhibit significant impact on the release
of RhB from the non-piezoelectric hybrid NWs, where a continuous diffusion-dependent RhB release can be observed. In
contrast, the piezoelectric nanoeels displayed a pulsatile release
trend, which was highly dependent on the magnetic field on/
off times. Under the influence of magnetic fields, RhB release
increased linearly and ≈90% of the total drug was released in
the Mon state. In comparison, when the magnetic fields were
turned off, a negligible amount of RhB was released. This
result clearly shows that the hybrid P(VDF-TrFE) nanoeels can
be used to trigger an on-demand release of drugs under the
application of wireless magnetic fields.
One of the biggest challenges in performing drug delivery
with small-scale robotics is to design platforms capable of
releasing the maximum amount of therapeutic agents at the
target location while avoiding premature detachment of drugs
in order to minimize undesirable side effects on healthy tissue.
To overcome this challenge, we exploit the distinct swimming
behaviors demonstrated by our nanoeels and utilize them for
controlled, on-demand drug delivery. Figure 4d presents the
total amount of RhB released under different actuation modes,
i.e., static mode, swimming mode, and drug release mode that
correspond to Ft = 0, 1, and 13 Hz, respectively. We compared
the drug release from three different structures: Ni-PPy NWs
(No PVDF), hybrid NWs with non-piezoelectric P(VDF-HFP)
tails, and nanoeels. From this plot, one can notice that for
the Ni-PPy NWs and the hybrid NWs with non-piezoelectric
tails, the amount of released RhB remains independent of the
applied magnetic field parameters. In contrast, the piezoelectric
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Figure 4. Controlled drug delivery with the hybrid nanoeels. a) Scheme depicting functionalisation of hybrid nanoeels with PDA and drugs, followed
by magnetically triggered drug release. b) Continuous RhB release at 10 mT and 7 Hz showing a three times higher release for the piezoelectric
P(VDF-TrFE) NWs than the non-piezoelectric NWs (n = 6). c) The corresponding pulsatile release of RhB with (Mon) and without (Moff ) magnetic fields
(n = 6). d) Plot showing release of RhB from NWs without PVDF, with P(VDF-HFP), and with P(VDF-TrFE), under different magnetic actuations (n = 5).
Bright field and the corresponding fluorescent images obtained for cancer cells cultured with doxorubicin-coated P(VDF-TrFE) NWs under magnetic
actuation of e) swimming mode, i.e., 15 mT and 11 Hz and f) drug release mode, i.e., 10 mT and 7 Hz. In (e), we can see the presence of multiple cell
nuclei (blue) without presence of doxorubicin drug, whereas in (f), we can clearly see the presence of the cell nuclei (blue) and the released doxorubicin
drug (green) at multiple locations. Scale bars: 60 µm.

nanoeels with P(VDF-TrFE) show a clear difference in the
released RhB amounts, which strongly depends on the applied
magnetic field parameters. Nanoeels actuated under swimming
mode and drug release mode exhibited a release of 0.43 and
1.13 µm, which were about 1.5 and 4 times higher than the
release in static conditions, respectively. These results were further corroborated with the simulation realized with COMSOL
multiphysics software that show that under the drug release
mode, a ten times higher potential is generated on the surface
of PVDF tails, which consequently leads to higher drug release
(Figures S11 and S12, Supporting Information).
From the above results, we can conclude that by using our
piezoelectric hybrid structures it is possible to trigger as well
as control the amount of released drug by simply changing the
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external magnetic field parameters. The swimming mode corresponding to the use of magnetic fields of 15 mT at 11 Hz can be
used to manipulate the NWs in 3D and position them at target
locations, as in this mode the NWs exhibit high translation
velocities and low drug release profiles. This can be followed by
specifically delivering drugs to cancer cells by switching to the
drug release mode where the NWs show low translation velocities and high drug release profiles (magnetic fields of 10 mT
and 7 Hz). This feature makes these hybrid NWs efficient drug
transportation vehicles that can be used to deliver drugs with
minimal unwanted side effects on surrounding healthy tissue.
To confirm our hypothesis, we performed in vitro cell experiments and delivered the anticancer drug, doxorubicin (Dox), to
cancer cells using the hybrid P(VDF-TrFE) NWs (Figure 4e,f).
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Using magnetic fields of 15 mT and 11 Hz, we could not
observe a release of Dox to the cancer cells (swimming mode).
However, under the drug release mode obtained at 10 mT
and 7 Hz, we could clearly observe the delivery of doxorubicin
(green signal) to the cancer cells (blue stained nuclei). This
result was further confirmed quantitatively by using our drugloaded nanoeels to kill cancer cells under the swimming and
drug release modes. The viability of cancer cells cultured with
our drug-loaded nanoeels and placed under magnetic fields is
presented in Figure S13 in the Supporting Information. From
this plot, we can clearly see the enhanced cancer cell killing efficiency under the drug release mode, where 35% of cells were
killed in comparison to 10% under the swimming mode.

3. Conclusion
We fabricated hybrid Ni-Ppy-P(VDF-TrFE) nanoeels and demonstrated that they can be magnetically actuated and triggered
for targeted and on-demand drug delivery. These nanoeels were
fabricated by employing template-assisted deposition of Ppy
NWs using the COAL technique to grow Ni nanorings around
the Ppy NW. Vacuum-assisted infiltration was employed to
grow the PVDF NWs. Analysis of the swimming behavior of
the nanoeels revealed that their locomotion could be switched
from surface-walking to wobbling to corkscrewing motion in
3D, by changing the magnetic field magnitude and frequency.
The nanoeels were loaded with drugs, and we demonstrated
the on-demand drug release properties upon the application of
suitable magnetic fields. By switching between different magnetic fields, it was possible to either steer the nanoeels precisely
to target locations or to activate drug release. This feature enables our nanoeels to transport and deliver drugs to targeted
locations while minimizing their side effects on healthy tissue.

4. Experimental Section
Electrodeposition of Polypyrrole Nanowires: Commercially available
AAO templates with a pore diameter of 200 nm were purchased from
Whatman Anodisc. One hundred nanometer Au was evaporated by
electron beam evaporation on one side of the template that served as a
conductive working electrode. Prior to electrodeposition, the Au covered
side of the template was isolated to ensure exclusive deposition inside
the pores. Then, the gold-coated AAO template was immersed into
an Au cyanide bath to electrodeposit a gold plug layer at a DC current
density of −2 mA cm−2 at 37 °C, in a two electrode setup using an
AUTOLAB PGSTAT302N. The Au bath composed of gold(I) potassium
cyanide (AuK(CN)2, 8 g L−1), potassium citrate (C6H5K3O7, 90 g L−1),
citric acid (C6H8O7, 90 g L−1), and 10 mL L−1 of a brightener concentrate
that contained cobalt(II) carbonate as a grain refiner (0.05 g L−1).
Electrodeposition of PPy NWs was conducted using a two-electrode
setup at a current density of 1 mA cm−2 at room temperature, with Pt
sheet as a counter electrode. NWs of different lengths were fabricated by
adjusting the deposition time to 1000 s to obtain 8 µm long PPy NWs,
respectively.
Electrodeposition of Alternating Nickel–Gold Nanorings: After the
deposition of PPy NWs, the AAO template was vacuum dried for 30 min
to dehydrate and shrink the polymer. This was followed by performing
pore widening of the template by immersing it in a 0.4 m NaOH solution
for 13 min. These steps helped create empty spaces between the PPy
segment and the wall of the AAO pore for the subsequent deposition of
Ni–Au nanorings.
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Ni nanoring segments were electrodeposited using a three-electrode
setup, with the PPy filled NW template serving as the working electrode, a
Pt sheet acting as the counter electrode, and an Ag/AgCl (0.1 m Na2SO4)
reference electrode. Ni electrodeposition was carried out potentio
statically at room temperature under constant magnetic stirring at a
potential of −1 V for 300 s, using a plating solution consisting of NiSO4
(128 g L−1) and boric acid (45 g L−1). Sacrificial Au nanoring segments
were deposited using the same setup that was used to deposit the
gold plug layer for 800 s. Alternating Ni–Au nanoring segments were
fabricated by repeating these deposition cycles. The last sacrificial Au
nanoring was deposited for 1500 s to prevent encapsulation of PPy NW
by PVDF during the subsequent infiltration step.
Fabrication of PVDF Nanowires: P(VDF-TrFE) 70/30 was purchased
from Pezotech. P(VDF-HFP) was purchased from Sigma-Aldrich.
P(VDF-TrFE) was dissolved in dimethylformamide (DMF) to form a
transparent solution with a concentration of 20% w/v. Next, the AAO
template was immersed in this solution for 5 min under vacuum to
enhance the infiltration of the polymer solution into the pores. Then, the
AAO template was dried on a hot plate at 90 °C for 1 h, followed by
annealing them at 130 °C for 16 h under vacuum. The residual layer of
P(VDF-TrFE) was etched using an acetone solution, followed by Reaction
Ion Etching (RIE) to obtain 8 µm long P(VDF-TrFE) NWs. To fabricate
P(VDF-HFP) NWs, P(VDF-HFP) powder (Sigma Aldrich, catalogue
number 427160) was dissolved in DMF to obtain a 20% w/v solution,
and this was followed by employing the procedure used to fabricate
P(VDF-TrFE) NWs.
The hybrid NWs were released by dissolving the AAO template in an
aqueous solution of 5 m NaOH for 2 h, followed by washing them with
DI water several times. Next, the sacrificial Au nanorings were etched by
dispersing the NWs into a gold etchant solution for 15 min. After further
cleaning with DI water, the wires were then collected using a magnet and
stored in DI water.
Material Characterization: Morphology of the resulting hybrid
nanostructures was studied by SEM (Zeiss ULTRA 55, Zeiss,
Oberkochen, Germany), transmission electron microscopy (TEM,
FEI F30, FEI Co., Hillsboro, OR), and STEM (FEI F30). Distribution of
elements along the nanotubes was studied by EDX mapping using highangle annular dark-field STEM (HAADF STEM) (FEI Talos F200X).
Magnetic Manipulation Experiments: The magnetic manipulation
system consisted of eight stationary electromagnets with soft magnetic
cores, capable of producing rotating magnetic fields up to 50 mT
and at frequencies up to 100 Hz. The system was integrated with an
inverted fluorescence microscope (Olympus IX 81) and videos of
manipulated structures were recorded under rotational magnetic fields
at 40× magnification (Videos S1–S5, Supporting Information). The
manipulation experiments were conducted using nanoeels in 60%
glycerol solution on a glass wafer which was patterned with PDMS
microchannels (1 cm in diameter and 600 µm high).
Biocompatibility Assay: The MTT Cytotoxicity study was conducted
in a flat bottomed 96-well tissue culture plate with 4 × 103 NIH 3T3
cells (American Type Cell Culture, ATCC) in 100 µL culture medium
(high glucose DMEM, 10% fetal calf serum, 1 × Antimycoticum) per
well. Cells were allowed to attach on the surface for 6 h. Then the cell
culture medium was supplemented with the nanoeels at different
concentrations (0–100 ppm). After 48 h of incubation at 37 °C and
5% CO2, 10 µL of 12 mm MTT was added. Cells were further incubated
for 4 h for MTT cleavage at 37 °C. Then, 100 µL of isopropanol-HCl
solution (0.04 m) was added to each well and mixed thoroughly until
the formazan crystals were dissolved. Absorbance measurements were
conducted in a microtiter plate reader (Infinite F200 Tecan) at 570 nm
with a reference measurement at 630 nm. These data were used as
relative indicators of cell viability, compared to the control experiments
(defined as 100% survival rate). Reported values were represented as
mean values of five independent replicates as percentages with respect
to the control sample.
Drug Loading and Release Measurements: Rhodamine B was used as
the model drug to study the drug release kinetics of the nanoeels. For
this, nanoeels were dispersed in a Tris-HCl solution at pH 8.5 for 10 min.
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After this, the nanoeels were collected and redispersed in a dopamine
solution with a concentration of 2 mg mL−1 in Tris HCl (pH 8.5) for
6 h at room temperature. Afterwards, the supernatant was removed
and the nanoeels were washed with DI water to remove any excess
polydopamine. Next, 1 mg of PDA-treated hybrid NWs were incubated
in a 5 mL RhB solution (0.2 mm) at room temperature for 2 h. The RhBloaded nanoeels were then collected by a magnet and washed repeatedly
with DI water to remove any unbound RhB molecules. The drug-loaded
nanoeels were then added to phosphate-buffered saline (PBS) solution
to study the drug release under different rotating magnetic fields. A UV–
vis spectrophotometer (Tecan Infinite 200 Pro) was used to obtain the
absorbance peak of RhB at 566 nm by taking aliquots from the nanoeel
suspension at different time intervals.
In Vitro Drug Release Experiments: Custom-made cell culture dishes
were used in all in vitro experiments due to size limitations in the
magnetic manipulation setup. The custom-made cell culture dishes
were prepared by bonding PDMS chambers to a glass slide. Prior to cell
seeding, these custom dishes were cleaned by acetone, isopropanol, and
DI water and dried under nitrogen gas. The cell culture dishes were then
sterilized by steam autoclaving at 121 °C for 20 min and were left to dry
under aseptic conditions. Finally, the surface of the custom dishes was
modified with poly-l-lysine (Sigma Aldrich) to enhance cell adhesion.
Prior to in vitro experiments, human epithelial breast cancer cells
(MDA-MB-231) were seeded with a density of 5.5–6.5 × 104 cells cm−2
on the custom-made dishes and cultivated in 100 µL DMEM cell culture
medium (Invitrogen) with 10% fetal bovine serum (FBS, Invitrogen) and
1% antibiotics (containing Antibiotic-Antimycotic, Invitrogen) under
physiological conditions for 24 h. Next, the cell medium was removed
and was followed by a rinsing step with PBS (Invitrogen). Cells were then
fixed for 10 min in 4% paraformaldehyde (Santa Cruz Biotechnology)
and permeabilized with 0.1% Triton X-100 (Sigma Aldrich).
Ten microliter of a freshly prepared Paclitaxel (PTX) solution
(10 mg mL−1 in DMSO) was added to 10 mL methanol/PBS solution
containing 1 mg of PDA-treated nanoeels. The nanoeels in the PTX
solution were agitated on a shaker for 3 h at room temperature. Then,
the nanoeels were centrifuged down at 3000 rpm for 10 min and the
supernatant was replaced by DMEM solution (1 mL).
For the cytotoxicity study and in vitro model drug release, 50 µL
cell medium was replaced by the PDA-treated nanoeel solution from
above. After 1 h incubation, the samples were magnetically actuated
for 10 min to achieve swimming modes of Ft = 1 Hz and Ft = 13 Hz.
After further incubation for 4 h, 10 µL 3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazoliumbromide (3 mg mL−1 MTT) was added. After an
additional 4 h of incubation, 100 µL isopropanol (0.04 m) HCl solution
was added to the cells to dissolve the formazan crystals. The solutions
were collected in Eppendorf tubes and centrifuged to separate the hybrid
nanoeels from the solution. For the absorbance measurements the
solutions were dispensed in a 96-well plate and measured at 540 nm in a
microtiter plate reader (Infinite M200 Pro, Tecan AG).
The cytoskeleton of the cell was stained with phalloidin in PBS
(Sigma Aldrich) overnight. After rinsing the phalloidin solution, nuclei
of the cells were stained with the Hoechst 33342 formulation NucBlue
Live Cell Stain (Invitrogen). To observe the release of drugs to the cancer
cells, a drug loading procedure similar to that of PTX was followed for
the fluorescent anticancer drug molecule, doxorubicin. Phase-contrast
and fluorescence images were obtained with an epi-fluorescence
inverted optical microscope (Olympus IX-81).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract
Regulation of cellular functions by an exogenous and non-invasive approach has the means of
revolutionizing the field of tissue engineering. In this direction, use of electric fields has garnered
significant interest due to its positive influence on cell adhesion, proliferation, and differentiation.
Recently, this has been achieved by placing electrodes in direct contact with cells, or through a
non-contact approach by inducing deformation of piezoelectric membranes. In this work, we
have developed 3D magnetoelectric inverse opal scaffolds that can generate localized electric
fields upon the application of magnetic fields. These scaffolds were composed of biodegradable
PLLA and CFO@BFO magnetoelectric nanoparticles and were designed to mimic the natural
micro-environment of cancellous bone by endowing them with piezoelectric properties and
porosity. The effect of magnetic field induced electric stimulation on the proliferation of MG-63
osteoblast cells was investigated on 2D membranes and 3D scaffolds by applying a magnetic
field of 13 mT at 1.1 kHz. During this study, a 134% increase in cell proliferation was achieved
on 3D scaffolds in comparison to the 2D membranes, which obtained a 43% increase in cell
viability. These findings showcase the importance of designing scaffolds with 3D characteristics
that provide a suitable microenvironment for host cells. The results obtained from this work
further demonstrate the beneficial influence that the magnetoelectric effect has on regulating
cellular functions and draws light on the possibility of exploiting this effect for tissue engineering
and regenerative medicine in the future.
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1. Introduction

Tissue engineering and regenerative medicine has emerged as a promising approach for
generation of new tissue substitutes via biomimetic approaches by combining cells, biomolecules,
and advanced materials.[1, 2] These materials, typically referred to as scaffolds, serve as
biomimetic matrices for cells to reside in, respond to and consequently, promote the formation
of new tissues. Approaches in scaffold design must take into account several important
prerequisites starting with their architecture. For instance, in bone tissue engineering, an ideal
scaffold should have a three-dimensional hierarchical porous structure, with uniform and highly
interconnected pores that provide cells with sufficient area to adhere to, proliferate and migrate
during the regeneration of tissues.[3, 4] The interconnectivity also ensures efficient diffusion of
oxygen, nutrients and waste products, which is critical for maintaining high viability of tissues,
especially in the early stages when the vasculogenesis or angiogenesis has not yet taken place.[2,
5, 6] The scaffolds must also be biocompatible and ideally biodegradable to ensure its absorption
at a rate proportional to that of tissue regeneration for the achievement of a complete integration
with the host. Additionally, the scaffolds should also be able to provide the cells with certain
physical and/or biochemical cues to facilitate tissue development and enhance certain cellular
events such as proliferation and differentiation.[7]

The ability to generate localized electric fields at small scales has the potential to revolutionize
conventional tissue engineering. Use of electrical fields has been extensively investigated
towards regulation of a variety of cellular functions, including adhesion, reorganization of their
cytoskeleton, differentiation, proliferation, activation of intracellular pathways, secretion of
proteins and gene expression.[8-10] The regulatory effect of electric stimulation has been studied
on different cell types such as neurons, osteoblasts, myoblasts, fibroblasts, endothelial cells,
muscle cells and epithelial cells.[11, 12] Experimental evidence from these studies suggests that
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an external electric stimulation can distort the electric field across the cell membrane, resulting
in alterations in the cellular transmembrane potential. This can lead to an increase in the
intracellular activity of sodium, potassium or calcium channels.[13, 14] Additionally, electrical
stimulation could also result in more favorable conformational changes in fibronectin, which
consequently facilitates the absorption of more proteins onto the biomaterial and hence, can
enhance cellular adhesion and proliferation.[15]

Various strategies have been studied to provide electrical stimulation to cells. Conventionally,
electrostimulation of cells is performed using small electrodes inserted into the cells or placed in
close contact with their scaffolds. However, these methods require use of electrodes to be placed
directly at the site of treatment, making them highly invasive and their implementation for tissue
engineering applications impractical. Recently, the field of tissue engineering and regenerative
medicine have witnessed an increasing interest in developing smart material based scaffolds that
wirelessly provide electrical stimulation to cells.[16-18] Piezoelectric materials can generate
surface polarization under the influence of mechanical strain and hence, can provide an effective
approach to wirelessly electrostimulate cells. In this direction, various piezoelectric materials
such as collagen, zinc oxide, barium titanate, poly(l-lactic acid) (PLLA), poly(vinylidene
fluoride) (PVDF) have been investigated for fabricating electroactive scaffolds that can
wirelessly electrostimulate cells under mechanical strain. These piezoelectric scaffolds activated
by mechanical stress, have shown promising results in promoting cellular adhesion, enhancing
their proliferation, and inducing differentiation of cells.[19-21] Additionally, due to the
minimally invasive nature and ease of implementation, use of wireless magnetic fields to activate
piezoelectric scaffolds have gained considerable interest in recent times. In this direction,
researchers have fabricated 2D magnetoelectric (ME) membranes by adding magnetostrictive
nanoparticles in piezoelectric membranes for studying cell proliferation and differentiation.[22,
23] ME scaffolds can generate surface charges under the influence of alternating current (AC)
4

magnetic fields through coupling of the magnetostrictive and piezoelectric materials. However,
in all these studies either static or very low frequency magnetic fields were employed to generate
electric stimulation on the surface of non-porous ME scaffolds.
In this work, we have successfully fabricated 3D magnetoelectric inverse opal scaffolds that
mimic the natural porous and piezoelectric micro-environment of cancellous bone[24] by
wirelessly generating electric charges. These scaffolds are composed of biodegradable PLLA
and magnetoelectric nanoparticles. We have designed a custom-built incubator for
electrostimulating cells at a magnetic field strength of 13 mT and a frequency of 1.1 kHz. The
effect of magnetic field induced electric stimulation on the proliferation of osteosarcoma derived
MG-63 osteoblast cells was investigated on 2D membranes and 3D scaffolds. The results
obtained from this work highlight the importance of designing scaffolds that provide an amenable
microenvironment for cells to interact with and for endowing them with smart features for
promotion of enhanced cellular events.

2. Results and Discussion
The protocol used for fabrication of magnetoelectric (ME) inverse opal scaffolds is illustrated in
Fig. 1 a. The three-step procedure includes fabrication and assembly of monodispersed gelatin
microspheres into a hexagonally close packed (hcp) lattice, which is then subjected to thermal
annealing to introduce necking between adjacent gelatin spheres. Next, a solution containing the
scaffolding material composed of ME CoFe2O4@BiFeO3 (CFO@BFO) core-shell nanoparticles
dispersed in a PLLA solution is infiltrated into the voids of the gelatin lattice under vacuum (Fig.
1 a (i)).[2, 25] Finally, the gelatin lattice is selectively etched by immersing the sample at 60 °C
in deionized (DI) water, leaving a ME scaffold with an ordered porous network (Fig. 1 a (ii)).
The gelatin microspheres used in this work have a uniform diameter of 440 µm (Fig. A1). Fig. 1
5

b presents an overview image of the highly ordered, hexagonally close-packed gelatin
microspheres. From the corresponding magnified image, it can be clearly observed that the
gelatin lattice is composed of well-connected microspheres with uniform void spaces. The
overview image of the fabricated ME inverse opal scaffold obtained after removal of gelatin
spheres and its magnified image is shown in Fig. 1 c and A1 c. From both these images it can be
clearly seen that the ME scaffold possesses a uniform architecture and a well-ordered structure.
Fig. 1 d and A1 d further confirm this finding by presenting a cross-sectional view of the scaffold
having a well-defined, long-range ordered porous network with a high level of interconnectivity
and a uniform size of its pores and windows.
The ME particles used in this work include core-shell nanoparticles (NPs) of magnetostrictive
cobalt (II) ferrite (CoFe2O4, CFO) coated with a shell of piezoelectric bismuth (III) ferrite
(BiFeO3, BFO). Co-precipitation method and NaOH was used to form precipitates of iron and
cobalt hydroxides, followed by their hydrothermal synthesis.[26-28] Cetrimonium bromide
(CTAB) was used as the surfactant to tune the shape of the CFO NPs and to obtain singlecrystalline NPs.[29, 30] To obtain core-shell ME NPs, the CFO cores were coated with a BFO
precursor via a sol-gel approach and subsequently annealed to obtain a crystalline BFO shell.[3134]. CFO NPs fabricated in this study are cuboidal in shape with an average size of 12 nm. The
core-shell CFO@BFO NPs have an average size of 20 nm (Fig. 1e). From the energy-dispersive
X-ray (EDX) mappings presented in Fig. 1 f, a uniform shell composed of bismuth, iron and
oxygen around the cobalt ferrite core can be observed. The crystalline structure of the core-shell
CFO@BFO NPs was analyzed using X-ray diffraction (XRD). XRD patterns in Fig. A2 show
the presence of a cubic spinel Fd3m structure of CoFe2O4 (JCPDS No. 01-1121). Additional
peaks arising from the pure phase of BiFeO3 (JCPDS No. 71-2494) with the space group R3c
were also detected. EDX mappings of the ME scaffold are presented in Fig. 1 g and show that
the ME NPs are uniformly distributed all over the scaffold. MicroCT analysis of the
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CFO@BFO/PLLA scaffolds revealed a porosity of 86%. A cross-sectional MicroCT image of
the CFO@BFO/PLLA scaffold is presented in Fig. 1 h (and in Fig. A3 for the CFO/PLLA
scaffold) from where a well-ordered and porous structure can be observed.
The ferroelectricity and magnetoelectricity of a single core-shell CFO@BFO NP was probed
using piezoresponse force microscopy (PFM) under an external magnetic field. A conductive
cantilever tip was used in contact mode to apply an alternating voltage to a CFO@BFO NP and
induce piezoelectric surface oscillations. Piezoresponse hysteresis loops were obtained on
randomly picked single NPs (Fig. 2 a, b) by sweeping the applied DC bias, while simultaneously
measuring the phase and amplitude changes. The excitation voltage waveform was programmed
to be a stepwise increasing pulsed DC voltage that was superimposed on a small AC voltage.[3537] From the phase loop presented in Fig. 2 b, we can clearly observe that the BFO shell exhibits
a polarization reversibility of nearly 180°, both with and without the externally applied magnetic
field. It is also important to note that BFO’s polarization directions can be switched at both
polarities of the tip DC-bias voltage. Both piezoresponse phase loops are horizontally shifted, a
trend that can also be observed from the amplitude response curves having an asymmetric
butterfly shape (Fig. 2 b)[38, 39] This asymmetry in the loops can be attributed to many factors,
such as the imprint effect, internal bias fields inside the materials, and/or due to a work function
difference between the top, Pt-coated Si probe and the bottom gold electrode.[35, 40, 41] The
coercive voltages for the BFO shell measured without magnetic field are -6.43 V and 2.75 V,
respectively. Under the influence of the external magnetic field, the coercive voltages changed
to -5.69 V and 4.59 V, respectively. This smaller coercive voltage obtained under a magnetic
field indicates that the strain generated in the magnetostrictive CFO core was effectively
transferred to the shell, changing the polarization reversal process in BFO. This is direct evidence
of strain mediated magnetoelectric effect in the core-shell CFO@BFO NPs. The positive
coercive voltage change (1.84 V) is larger than the negative coercive voltage change (0.73 V).
7

The asymmetric change indicates that there is an offset of the center of the piezoresponse loop
under the magnetic field caused by an electric field generated by the magnetoelectric effect.[36,
42] The magnetoelectric coupling coefficient is defined as,

𝛼=

∆𝐸
∆H

where ∆H is the change in magnetic field and ∆E is the change in the electric field caused by the
external magnetic field. For our CFO@BFO NPs, the ∆E i.e. the offset of center of the loop upon
application of magnetic field can be estimated to be (1.84 – 0.73 V)/2/4 nm = 140 MV m-1.
Hence, the local ME coefficient can be estimated as 1.4 × 106 mV cm-1 Oe-1. The ME coefficient
obtained under this study is in the same order of magnitude as those evaluated by similar
methods.[43-46] We performed finite element simulations under static magnetic fields on a single
core-shell NP to further analyze the magnetoelectric coupling. Fig. 2 c presents the strain
distribution generated on the BFO shell when the core-shell NP was placed in an external
magnetic field of 13.5 mT. Using the magnetoelectric coupling and the compliance matrix of the
BFO shell we studied the corresponding electric potential gradient induced on the surface of the
BFO shell (Fig. 2 d). From these simulations we can conclude that under magnetic fields, a single
CFO@BFO NP can generate a local surface potential up to 1 µV, which can be exploited for
electric stimulation of cells.
Based on the above results, these core-shell NPs were used in PLLA based scaffolds to study
the influence of the magnetoelectric effect on cells under magnetic fields. Preliminary studies
performed on 2D membranes (76 ± 10 um thick) were composed of PLLA and CFO@BFO NPs
(CFO@BFO/PLLA). In vitro experiments were carried out with the osteosarcoma cell line,
MG63, a commonly used cell line in implant related studies. First, we evaluated the effect of ME
NP concentration on cell viability by performing an MTT assay on cells cultured on ME
membranes with varying NP concentration (0-20% (w/v)) (Fig. A4). From these studies, a
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concentration of 10% (w/v) of CFO@BFO NPs was selected for further experiments as it resulted
in highest cell viability. In order to confirm the suitability of using our custom-built incubator
for studying cells under AC magnetic fields, we assessed the viability of MG63 cells in our
custom-built incubator, with and without AC magnetic fields (Fig. A5). From these experiments
we observed that our custom-built incubator displayed cell viability similar to the control
incubator.
Next, we studied the influence of magnetic fields on MG63 by comparing the viability of cells
that were subjected to 13 mT and 1.1 kHz of magnetic fields for 3 days, with the cells that
received no magnetic treatment (Fig. 3 a). In this experiment, the cells were seeded on ME
CFO@BFO/PLLA 2D membranes. As a control we also performed similar experiments on
MG63 cells that were seeded on CFO/PLLA membranes composed of CFO NPs without the
piezoelectric BFO shell. From the results presented in Fig. 3 a, we can observe that the cell
viability of 2D CFO/PLLA membranes that received magnetic treatment, decreased by 23% (p<
0.03) in comparison to the samples that received no magnetic stimulation. This result has been
observed in earlier works, where cyclic mechanical vibrations induced apoptic cell death in
ostebolasts, lung fibroblasts and vascular smooth muscle cells.[47, 48] One study demonstrated
that constant mechanical stimulation resulted in S-phase cell cycle arrest, inhibition of cell
proliferation and induction of apoptotic cell death.[47, 49] In contrast, for the 2D ME
CFO@BFO/PLLA membranes stimulated under magnetic fields, the cell viability increased by
40% (p < 0.001) relative to the samples that received no magnetic stimulation. The control
experiments on CFO/PLLA exhibit similar morphology and mechanical properties when
compared with the CFO@BFO/PLLA membranes (Fig. A6, A7), which excludes the possiblilty
that the difference in cell viability was caused by the morphology. This way, the influence of
possible heat generated by magnetic hyperthermia on the cell behavior, if there is any, can also
be excluded. We also investigated the alkaline phosphatase (ALP) activity in similar experiments
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for this cell line with CFO@BFO/PLLA membranes, which showed that the ALP activity
increased proportionally to the cell number (Fig. A8), indicating that the cells do not show
increased osteogenic activity under these experimental settings. This is also observed in
literature, where the MG63 cell line is described as a proliferative cell line, which has a tendency
to proliferate and not differentiate when subjected to electrical stimuli.[50-52] These results show
that under the influence of AC magnetic fields, the 2D CFO@BFO/PLLA membranes were
successful in magnetoelectrically inducing electrical stimulation of cells and hence, resulting in
their increased cell proliferation.
SEM images of the 2D CFO@BFO/PLLA membranes studied in the above experiments are
presented in Fig. 3 (b, c) and Fig. A9. From these images a higher number of cells were clearly
observed on the sample that received magnetic stimulation in comparison to the sample that
received no magnetic treatment, further confirming the results presented in Fig. 3 a. Bright-field
imaging and the corresponding fluorescent images obtained for the 2D ME membrane samples
that underwent magnetic stimulation are presented in Fig. 3 d and e. The fluorescent images show
the presence of many well adherent MG63 cells that are interacting and growing all over the ME
samples.
As mentioned earlier, cancellous bone is piezoelectric and has a three-dimensional,
interconnected porous structure which is essential for maintaining its biological functions.
Taking these properties of bone cells into account, we mimicked the host tissues’ microenvironment, by designing piezoelectric and porous 3D scaffolds (Fig. A10) to allow for a better
integration with the host cells. In the final step, we studied the magnetoelectrically induced cell
proliferation of MG63 cells cultured under the influence of AC magnetic fields (Fig. 4 a). Fig. 4
b clearly shows a big increase in cell proliferation on ME scaffolds that received magnetic
stimulation in comparison to the scaffolds that received no magnetic treatment. This result
presents a similar trend as observed for the 2D ME membrane samples where a 40% increase in
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cell viability was observed under magnetic fields (Fig. 3 a). However, the cell viability of 3D
ME scaffolds that received magnetic stimulation increased by 134% (p < 0.001), in comparison
to the samples that received no magnetic treatment. This result confirms the ME effect induced
positive impact on cell proliferation and further highlights the importance of using 3D porous
scaffolds for biomedical applications.
Fig. 4 c presents a SEM image showing the cross-section of a 3D ME scaffold seeded with
cells that received magnetic field stimulation. Two distinct regions, i.e. the top and the bottom of
the scaffold, are marked in this image and their magnified SEM images are shown in Fig. 4 d and
e. On the top surface of the ME scaffold we can observe the presence of many well adherent cells
that are interacting and growing on the walls of the scaffold (Fig. 4 d). SEM image obtained from
the bottom region of the scaffold reveals the presence of many cells that successfully migrated
within the scaffold. From this image, we can also observe that the cells are well adherent and
successfully interacting with the curved walls of the scaffold (Fig. A11). These results were
further confirmed by confocal laser scanning microscopy (CLSM) of the 3D ME scaffold and
are presented in Fig. 4 f and g. A 3D reconstruction based on the Z-stacking of CLSM images of
magnetically stimulated 3D ME scaffolds is given in Video B1 in the Supplementary Data. Cell
were visualized by actin and DNA staining. It can be observed that the cells have successfully
grown and attached themselves to the walls of the scaffold and formed a uniform cell layer along
its pores. These results prove that the ME scaffolds developed in this study were succesful in
promoting cell growth within the scaffold and provided a good scaffold for the cells to adhere to.
Additionally, under the influence of AC magnetic fields, a magnetoelectrically induced
enhancement in cell proliferation could be achieved, making the ME stimulation pathway an
attractive approach for future tissue engineering applications.
In this work, we have successfully fabricated 3D magnetoelectric inverse opal scaffolds for
bone tissue engineering applications. These scaffolds are composed of PLLA and
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magnetoelectric CoFe2O4-BiFeO3 NPs and were fabricated by a template-assisted infiltration
approach. These ME scaffolds were fabricated with a uniform pore size of 440 μm. The
magnetoelectric nature of the NPs was analyzed by the changes in their piezoelectric response
under the application of magnetic fields. We confirmed these experimental results with those
obtained through theoretical modeling of the strain induced magnetoelectric effect in the NPs.
We performed cell viability assays on osteoblast like MG63 cells that were cultured on 2D and
3D ME scaffolds for 3 days under AC magnetic field stimulation of 13 mT at 1.1 kHz. For the
2D ME membrane samples that were subjected to magnetic fields, a 40% increase in cell
proliferation was observed in comparison to the samples that received no magnetic stimulation.
This increase in cell proliferation under magnetic fields can be attributed to the ME effect induced
electrical stimulation of cells. When similar experiments were performed on the 3D ME
scaffolds, up to a 134% increase in cell proliferation was obtained. This enhanced cell
proliferation observed in the 3D scaffold clearly highlights the benefit of using porous scaffolds
that have been carefully designed to mimic the architecture of biological tissues. The highlyordered and well-connected porous network of the 3D scaffolds also provided a favorable
environment for cell migration and cell adhesion, further confirming their suitability for future
tissue engineering applications.

3. Experimental
3.1. Fabrication of Magnetoelectric Inverse Opal Scaffolds
3.1.1. Fabrication of gelatin template
Magnetoelectric inverse opal scaffolds were fabricated by vacuum infiltration of a
CFO@BFO/PLLA NP dispersion inside an inverse opal template composed of fused gelatin
microspheres. Gelatin microspheres were fabricated using a microfluidic device as described by
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Choi et al.[53] and the fabrication parameters were finely tuned to obtain gelatin microspheres
with a diameter of 400 μm. During the fabrication, a discontinued phase of 10% (w/v) gelatin
solution at 40 °C was injected from a 27G needle into a capillary tube with a flow rate of 0.6
ml/min. The capillary tube consisted of a continuous phase of 30 g/L Toluene-Span® 80 solution
at a flow rate of 0.3 ml/min. The resulting microspheres were collected in an ice-cooled beaker
filled with the toluene-Span® 80 solution under mechanical stirring for 24h. This colloidal
gelatin microsphere dispersion was then rinsed with pure toluene and which was then evaporated
under the air flow of the fume hood to obtain dry gelatin microspheres.
Next, 60 mg of dry gelatin microspheres were suspended in 0.3 ml methanol and allowed to
self-assembled inside a 50 mL conical centrifuge tube as described by Zhang et al.[54] The
gelatin microspheres were then fused at 50 °C for 1 h to introduce necking and form the sacrificial
template. Finally, the excess methanol was removed, and the sacrificial template was dried
overnight in the fume hood.

3.1.2. Fabrication of CFO@BFO/PLLA nanoparticle dispersion
The CFO@BFO core-shell NPs were fabricated by a two-step approach involving hydrothermal
synthesis of the CFO core, followed by sol-gel synthesis of the BFO shell. 0.07 M of the
surfactant hexadecyltrimethylammonium bromide (CTAB) was added to DI water, followed by
addition of 0.092 M FeCl3·6H2O and 0.046 M CoCl2. Next, a 6 M NaOH solution was added to
the above solution under vigorous mechanical stirring to induce co-precipitation.[26-28] This
solution was then sonicated for 2 h thoroughly and then hydrothermally treated in a sealed,
Teflon-lined steel autoclave and heated at elevated temperatures of 180 ˚C for 48 h. The
fabricated CFO NPs were then washed with DI water and ethanol and dried overnight at 80 ˚C.
Next, a precursor of BFO was prepared by dissolving 0.011 M Bi(NO3)3·5H2O and 0.01 M mM
Fe(NO3)3·9H2O in ethylene glycol. 0.1 g of CFO NPs were added to above solution and allowed
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to dry overnight at 100 °C[31], followed by annealing the dried powder in air at 600 °C for 2 h
at a heating ramp rate of 10 ˚C min-1.
Next, 10% (w/v) PLLA solution was prepared by dissolving PLLA pellets in a chloroform and
1,1,2-Trichloroethane mixture with volume ratio of 1:1. CFO or CFO@BFO NPs (1% (w/v))
were then added to the PLLA solution and well dispersed by sonication and vortexing overnight.
The CFO/PLLA or the CFO@BFO/PLLA dispersion was then sterilized with a UV light source
for 30 min.

3.1.3. Fabrication of CFO@BFO/PLLA 3D scaffolds
Magnetoelectric invers opal scaffolds were fabricated by vacuum infiltration of the assembled
gelatin template with the CFO@BFO/PLLA dispersion under vacuum. After infiltration, the
solvent was allowed to evaporate overnight and the surface pores of the scaffold were opened by
wiping the surface gently with chloroform. The sacrificial gelatin template was then removed by
immersing the samples in 60 °C DI water. The resulting porous scaffold was then annealed at 80
°C.[55, 56]

3.1.4. 2D Membrane scaffolds for preliminary in-vitro studies
2D membrane samples were fabricated for preliminary studies by drop-casting 1 mL of the above
CFO/PLLA or CFO@BFO/PLLA dispersion on a glass slide. The solvents were evaporated
overnight and then the dried 2D membranes were annealed at 80 °C and then laser cut into
circular membranes with diameters of 11.8 mm.

3.2. Material characterization
Morphology of the resulting scaffolds and NPs was studied by scanning electron microscopy
(SEM, Zeiss ULTRA 55, Zeiss, Oberkochen, Germany) and transmission electron microscopy
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(TEM, FEI F30, FEI Co., Hillsboro, OR). Distribution of elements along the nanoparticles were
studied by energy-dispersive X-ray (EDX) mapping using HAADF STEM (FEI Talos F200X).
The crystallographic structure of the nanostructures was analyzed by X-ray diffraction (XRD)
on a Bruker AXS D8 Advance X-ray diffractometer, equipped with a Cu target with a wavelength
of 1.542 Å. Piezoresponse force microscopy (PFM) investigations were performed on a
commercial atomic force microscope (NT-MDT Ntegra Prima). FMG01/Pt probes were used,
and the imaging contact force set-points were carefully controlled. To acquire local
piezoresponse loops, AC signals (VAC = 0.5 V) were superimposed on triangular staircase wave
with DC switching from -9 V to 9 V. To study change in piezoelectric response of the sample
under magnetic field, an in-plane magnetic field of 1000 Oe was applied to the sample. The
porosity of the resulting scaffolds was determined by 3D reconstructed X-ray microtomography
images (µCT40, SCANCO Medical AG, Brüttisellen, Switzerland). Ferromagnetic hysteresis
curves were obtained for CFO NPs using a vibrating sample magnetometer (VSM, EZ9,
Microsense).

3.3. Multiphysics simulation of ME CFO@BFO NPs
The simulations were performed using COMSOL Multiphysics software based on similar
examples from literature.[57, 58] The physics of our COMSOL model used to describe the ME
effect was divided into magnetic fields, solid mechanics and electrostatics. Influences from the
surrounding medium on the induced electrical surface potential are neglected and the relative
permittivity and permeability are assumed to be 1. For the simulations presented in Fig. 2 c-d,
cubic CFO NP with a diameter of 12 nm and a BFO shell with a thickness of 4 nm were selected
as input parameters. An epitaxially grown BFO shell on the CFO core´s [100] plane was
considered and implemented accordingly in the model.[59, 60] The magnetic field strength was
fixed at 13 mT and applied on the boundaries of the medium along the global z-axis. Since the
15

NPs are free to move in the surrounding medium, it was assumed that under magnetic field they
align with the excitation field and hence, magnetostriction along the easy axis was considered.
COMSOL was used to compute the magnetization gradients within the material by using the
applied magnetic field and its corresponding magnetization values from the measured VSM
hysteresis curve for CFO NPs (Fig. A12. The internal strain generated in a CFO NP under
magnetic fields was governed by the following equation,
λz = 1.5λs

Mz
Msat

where, λz is the strain along the z-axis, λs the magnetostriction parameter (λs,CFO= -273 ppm,
λs,BFO=-0.002 ppm), Mz the magnetization along the z-axis and Msat the saturation
magnetization of the CFO core.[61-63] The strain transfer from CFO core to the BFO shell was
assumed to be ideal.[57] This strain in the BFO shell is converted into electric polarization on
the surface of BFO. BFOs’ piezo-electric coupling and compliance matrix with R3c symmetry
are given by
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and were derived from literature.[58, 64-66] The remaining elastic and electric properties of the
CFO core and BFO shell were also determined from literature.[58, 67-71] The mechanical
boundary condition was set in the middle plane of the CFO core by fixing the vertices. The
electrical ground was applied on the boundaries of the medium.
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3.4. Custom-built incubator for magnetic field stimulation of cells
All in-vitro magnetic field treatment experiments were conducted in a custom-built incubator
with an integrated set of cooled Helmholtz coils having an inner diameter of 84 mm. The well
plate with the cells was placed directly in between the Helmholtz coils. The temperature and CO2
level inside the insulated incubator chamber were controlled to match the physiological
conditions using commercially available air heating and temperature and CO2 controller units
(Okolab). The temperature of the coils was monitored with a thermocouple and used as a
feedback to the controller of the water-cooling unit (Ministat CC, Huber) and maintained at 37
°C. The electrical setup for generating the AC signal consists of a function generator (Agilent)
creating a sinus signal which is amplified with an AC amplifier (AE Techron). The resulting
magnetic field strength of 13 mT was measured in the center plane of the Helmholtz coil at the
height of the well plate.

3.5. In vitro studies on magnetoelectric scaffolds
3.5.1. Cell culture of osteoblast like MG63 cells
Osteosarcoma derived MG-63 cells were maintained in DMEM cell culture medium (Invitrogen)
with 10% fetal bovine serum (FBS, Invitrogen) and 1% antibiotics (containing AntibioticAntimycotic, Invitrogen) at 37 °C under 5% CO2 for all in-vitro studies. The cell medium was
exchanged every 2-3 days. Unless indicated otherwise, the controls were grown in empty 48 well
plates, without any 2D membrane or 3D scaffolds, and were treated in a similar fashion as the
samples.
2D membranes and 3D ME scaffolds were bound to the plates (Thermo Scientific) with 0.25 μl
droplets of chloroform to prevent them from floating after submersion in the medium. The plates
with 2D or 3D scaffolds were sterilized in ethanol and ultraviolet light for 30 min, followed by a
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wash with phosphate-buffered saline (PBS, Invitrogen). The samples were dried under aseptic
conditions before treatment with poly-l-lysine (Sigma Aldrich) to enhance cell adhesion.

3.5.2. Preliminary studies on 2D membranes
For studying the biocompatibility offered by different CFO@BFO NP concentrations, 2D
membranes with 0 - 20% (w/v) of NPs were fabricated according to the protocol given above.
Viability of MG-63 cells seeded at a density of 3750 cells/cm² and incubated at physiological
conditions for 6 days without any magnetic stimulation was determined by an MTT assay. After
6 days, 0.6 mM 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide was added to the
samples and incubated for 4 h at 37 °C. Mitochondrial reduction product of formazan crystals
were then dissolved in an isopropanol-(0.04 M) HCl solution and 200 μL of this solution was
transferred into 96-well plates for absorbance measurements at 540 nm with a microtiter plate
reader.
The cell viability assays to study the cell proliferation performance under magnetic treatment
were studied on 2D membranes with a CFO or CFO@BFO NP concentration of 10% (w/v) (Fig.
3 a). For this experiment, MG-63 cells at an initial seeding density of 3000 cells/cm² were left to
attach on the membranes for 24 h. After this, these membrane samples were placed under AC
magnetic fields, at a magnetic field strength of 13 mT and a frequency of 1153.5 Hz, for 3
consecutive days (30 min/day). At the end of three days, the cells were trypsinized using 0.25%
trypsin and 0.25% ethylenediaminetetraacetic acid (Tripsin-EDTA, Invitrogen) for 10 minutes.
FBS was added to deactivate the trypsin, followed by transferring this cell suspension to a
centrifuge tube. A cell pellet was formed by centrifuging the suspension at 2000 rpm for 2 min
and another 30 s at 10,000 rpm to sufficiently stick the pellet to the centrifuge tubes wall. The
supernatant was then removed and replaced by Hanks’ balanced salt solution (HBSS, Invitrogen)
buffer. The cell pellet was redistributed in the HBSS buffer by pipetting and vortexing. Finally,
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the total DNA per sample was quantified using the CyQUANT™ NF Cell Proliferation Assay
Kits.

3.5.3. Cell proliferation on 3D ME scaffolds
The influence of AC magnetic fields on cell proliferation on the 3D ME scaffolds with a NP
concentration of 10% (w/v) was studied. Prior to cell seeding, 3D scaffolds were wetted in fresh
DMEM medium without covering its top surface. Then, 20,000 MG-63 cells concentrated in a
10 μl droplet were directly injected on top of the scaffolds, followed by covering the rest of the
scaffold with DMEM medium. Cells were allowed to attach on the scaffold for 24 h and then
stimulated for 3 consecutive days (30 min/day), at a magnetic field strength of 13 mT and a
frequency of 1153.5 Hz. At the end of the experiment, the scaffolds were transferred to a new
well plate and trypsinized using Trypsin-EDTA for 10 min under mechanical agitation at 100
rpm. Next, similar protocol as in 2D membranes was used to quantify DNA per sample using the
CyQUANT™ NF Cell Proliferation Assay Kit.

3.5.4. Cell morphology
To study the morphology of the MG63 cells using SEM or fluorescence imaging, the culture
medium was removed, and the samples with adherent cells were washed oncewith PBS and fixed
with 4% paraformaldehyde (Santa Cruz Biotechnology) for 15 min at 37 °C. Samples for 2D epifluorescence (Olympus IX-81) and 3D CLSM images (Leica TCS SPE, Leica Microsystems)
were permeabilized in 1% Triton X-100 (Sigma Aldrich) and stained with 1 mM phalloidin
(Sigma Aldrich) in PBS overnight at 4 °C. Nuclei were stained with the Hoechst 33342
formulation NucBlue® Live Cell Stain (Invitrogen) according to the suppliers protocol.
Epi-fluorescence imaging was performed on an Olympus IX-81 system with an Olympus
UPlanFI 10 x 0.3 Ph1 or LCPlanFI 20 x 0.4 Ph1 objective. CLSM was performed on a Leica
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TCS SPE confocal system (Leica Microsystems GmbH) equipped with an ACS APO 10 x 0.30
DRY objective. A z-stack of 175.2 µm with a z-slice thickness of 2.4 µm was imaged at λ=405
nm for Hoechst 33342 and λ=488 nm for phalloidin. Image analysis was performed in Imaris
Software (Bitplane AG, Zurich, Switzerland). Samples for SEM imaging (Zeiss ULTRA 55,
Zeiss) were washed with DI water, exposed to the ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate for 30 s, rinsed thoroughly for 30 s and finally, air dried before imaging. Crosssectional SEM images of the 3D scaffold were obtained by cutting the scaffold with a microtome
cryostat (CryoStar NX70, Thermo Fisher Scientific) prior to ionic liquid treatment.
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Fig. 1. Fabrication of magnetoelectric (ME) inverse opal scaffolds and structural characterisation
of ME NPs and the ME scaffold. (a) Scheme showing the fabrication steps starting with the
assembly of gelatin spheres, followed by (i) their infiltration with a solution of PLLA and ME
nanoparticles and (ii) the removal of gelatin spheres to obtain 3D and porous ME scaffolds. SEM
images of (b) assembled gelatin template and the inset shows its magnified image. (c) SEM image
showing the top-view of a 3D ME scaffold and the inset shows it’s magnified image showing a
uniform porous structure. (d) SEM image presenting a cross-sectional view of a uniform and
well-connected ME scaffold. (e) TEM image showing many overlapped CFO@BFO
nanoparticles. (f) HAADF STEM image obtained for some overlapped CFO@BFO nanoparticles
and the corresponding EDX maps obtained for Co, Fe and Bi, with the superimposed images
clearly showing core-shell CFO@BFO nanoparticles. (g) SEM image obtained for the ME
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scaffold and the corresponding EDX maps obtained for C, O, Co, Fe and Bi clearing showing a
uniform distribution of ME nanoparticles within the scaffold. (h) Cross-sectional micro-CT 3D
reconstructed image revealing a porosity of 86 %.
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Fig. 2. Characterization of the ME properties of the CFO@BFO nanoparticles. Ferroelectric and
magnetoelectric characterisation of core-shell CFO@BFO NPs. (a) Amplitude response of a
single core-shell NP obtained with and without magnetic field and (b) the corresponding phase
response. (c) COMSOL simulations performed on a CFO@BFO nanopartcile under a magnetic
field of 13.5 mT showing the (c) strain generated on the BFO shell due to the magnetostrictive
CFO core and (d) the corresponding electric potential induced on the surface of the BFO shell.
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Fig. 3. Effect of magnetic stimulation on cells cultured on 2D ME membrane samples. (a) Cell
viability assay comparing the cell proliferation rates on 2D membranes composed of PLLA with
CFO NPs and PLLA with CFO@BFO NPs, with and without magnetic fields (*p < 0.03, **p <
0.01 and ***p < 0.001). SEM images of CFO@BFO/PLLA (b) without and (c) with magnetic
field stimulation clearly showing an enhanced cell proliferation under magnetic fields. (d and e)
Bright-field imaging and the corresponding epi-fluorescence images (green = phalloidin-stained
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f-actin; blue = Hoechst 33342-stained cellular nuclei) obtained for the 2D CFO@BFO/PLLA
membranes that received magnetic stimulation showing the presence of many adherent cells after
the magnetic field treatment.
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Fig. 4. Effect of magnetic stimulation on the cells cultured on 3D ME scaffolds. (a) Scheme
showing the ME effect induced enhanced cell proliferation on 3D scaffolds under the influence
of AC magnetic fields. (b) Cell viability assay comparing the cell proliferation on 3D ME
scaffolds with and without magnetic field stimulation (*p < 0.001). (c) SEM image showing the
cross-section of a 3D ME scaffold seeded with cells and subjected to magnetic fields. Magnified
image of the (d) region 1 presents the SEM image taken at the top of the scaffold from where
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many attached and interacting cells can be observed. (e) Presents a SEM image taken in region
2 from where the presence of many cells growing on the inside wall of the scaffold can be
observed. (f and g) CLSM images of the 3D ME scaffolds with MG63 cells that received
magnetic stimulation. Phalloidin-stained f-actin in green and Hoechst-stained nuclei in blue)
show an uniformly grown layer of adherent MG63 cells along the curved walls of the scaffold.
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Fig. A1. (a) SEM image of monodispersed gelatin spheres with an average diameter of 440 m.
SEM images of (b) assembled gelatin template, (c) CFO@BFO/PLLA inverse opal scaffold and
(d) its cross-section showing a uniform inter-connected porous network.
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Fig. A2. XRD patterns obtained for core-shell NPs showing the presence of peaks arising from

cubic spinel Fd3m structure of CoFe2O4 and R3c space group of BiFeO3.

Fig. A3. MicroCT images obtained for CFO/PLLA 3D scaffold having a similar porosity of 86%.
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Fig. A4. (a) Cell viability of MG63 cells cultured on CFO@BFO/PLLA 2D membranes with
varying concentration of the CFO@BFO NPs. (b) Optical images of the CFO@BFO/PLLA 2D
membranes with NP concentrations ranging from 0 to 20 wt%.
Fig. A5. Characterisation of custom built incubator for cell experiments. (a) COMSOL

simulation showing the magnetic field distribution within the sample space is uniform with a
magnetic field strength of 10-14 mT. (b) Cell viability of MG63 cells cultured inside a biolab
incubator (control sample) and inside our custom-built incubator without and with magnetic
fields of 13 mT at 1.1 kHz. The cell viability assay shows that our custom-built incubator offers
a similar biocompatibility as the biolab incubator, even with the magnetic fields turned on.
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Fig. A6. Measurement of surface roughness on different 2D membranes.
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Fig. A7. Morphology and phase images for 2D CFO/PLLA membranes (a) and
CFO@BFO/PLLA (b) acquired with atomic force microscopy under contact mode (left column)
37

and semi-contact mode (right column), respectively. Considering the large difference of modulus
between the nanoparticles and the polymer matrix, there should be large phase lag between these
two components. However, in the phase images corresponding to the morphology, the large
phase lag was not observed, which means that the NPs are embedded in the PLLA matrix. Forcedistance curve on and off NP (c) support this observation, as the slope does not change by orders
of magnitude. Positions of the nanoindentations are indicated by white boxes in (a) and (b).

Fig. A8. In vitro stimulation of MG63 on CFO@BFO/PLLA membranes with 20 wt/v%
CFO@BFO NP for five days. Cell viability of stimulated samples increases by 30% in
comparison to non-stimulated. The ALP activity assay from these samples also increases by 31%.
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Fig. A9. SEM images of MG63 cells cultured on 2D PLLA, CFO/PLLA and CFO@BFO/PLLA
membranes for three days. From these SEM images we can clearly see that a higher number of
viable MG63 cells are growing on 2D CFO@BFO/PLLA membranes in comparison to the PLLA
or the CFO/PLLA membranes. Additionally, a drastic increase in cell viability can be observed
on the CFO@BFO/PLLA membranes that received magnetic treatment for 3 consecutive days,
clearly demonstrating the ME effect induced MG63 cell proliferation.
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Fig. A10. Optical images of 3D PLLA and CFO@BFO/PLLA ME scaffolds
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Fig. A11. SEM images of MG63 cells cultured on 3D CFO@BFO/PLLA ME scaffolds and
receiving magnetic treatment. From these images we can clearly see that the MG63 are growing
on top of the scaffold and inside the scaffold, forming a well adherent layer of cells on the curved
surfaces of the scaffold.
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Fig. A12. Magnetic characterisation of CFO NPs to investigate their initial magnetisation and
magnetic saturation Ms values.
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